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The purpose of the dissertation is to investigate a design and implementation of a dual 
polarised X-band antenna. The desired specifications include a centre frequency of 8.5 GHz 
and a 10◦ azimuth-half power beamwidth in both vertical and horizontal polarisations. Other 
requirements include peak power handling of 400 W over a 50 MHz instantaneous bandwidth 
and the facility to be mounted on a standard tripod. The dissertation begins by introducing 
NeXtRAD, a radar project developed jointly by UCL and UCT, outlines the objective of the 
study and lists all the requirements to be achieved. 
 
After considering several types of antenna, horn antenna has been the most practical when 
trying to meet project requirements. Two of the horn antennas examined here have been the 
square and conical horn antennas using square and circular waveguides respectively. Each 
of these waveguides support dual polarisation as they provide a symmetrical structure in 
two orthogonal planes of polarisation. The square waveguide is flared into a square horn 
whereas the circular waveguide is flared into a conical horn to increase the gain and reduce 
the half-power beamwidth to the required angle. 
 
The antennas have been designed and simulated using FEKO and the simulation results have 
been used to analyse the performance of the antennas. The conical horn antenna showed 
better performance in simulation than the square horn and has been further investigated. A 
revised version of the conical horn antenna has been simulated to avoid other higher-order 
modes but the it has not been fabricated due to manufacturing limitations. FEKO has a 
built in iterative optimiser that takes in a range of the waveguide diameter steps to find the 
best response. 
 
The conical horn antenna has been fabricated and tested to measure the two most important 
parameters; the S-parameters and radiation patterns. In the absence of an anechoic chamber, 
the UCT Sports Centre and Menzies Building rooftop have been used as antenna test sites 
to measure the radiation patterns. 
 
After collecting test measurements, the recorded measurements have been compared to sim- 
ulated results. The prototyped antenna achieved an azimuth half-power beamwidth of 10.4◦ 
and 9.1◦ when vertically and horizontally polarised respectively. The simulation achieved 
azimuth HPBW of 10.7◦ and 9.3◦ when V- and H-polarised respectively. The best compar- 
ison is to compare outside measurements with anechoic chamber measurements. However, 
iii  
without anechoic chamber measurements, the only comparison that can be done is with 
simulation results. In comparison to the azimuth HPBW of the prototype when V- and 
H-polarised respectively, there is approximately 0.2◦ to 0.3◦ difference, thus an accuracy of 
up to one decimal place. 
 
The overall results showed that the requirements are met. The prototype measurements 
and the FEKO simulations corresponds well together with a distortion in the main lobe due 
to the next higher-order mode. This distortion disappeared in the revised FEKO design 
where the waveguide dimension has been designed to only allow the fundamental mode to 
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1.1 Background to the Project 
 
Several countries are investigating a means to detect and track low cross-sectional targets 
using multistatic radar. The University of Cape Town (UCT) and University College London 
(UCL) have been working together since 2005 on a program called NetRAD to measure 
sea clutter and detect target position in S-band from multiple perspectives. NetRAD only 
operates in one frequency band and single polarised commercial antennas have been used. 
Now a new and improved system, NeXtRAD, is being developed to investigate various aspects 
of multistatic radar [1]. 
 
The NeXtRAD system operates in two frequency ranges, X-band and L-band. X-band has a 
short range with high resolution, whereas the L-band has longer range of measurement. The 
system is required to perform full polarimetric measurements, both co-polar and cross-polar 
components. The system configuration is shown in Figure 1-1 where the antennas are placed 
at three different locations along the coast. These antennas are dual polarised in both the 
vertical and horizontal planes. The centre node transmits the radar pulse and all the three 
nodes receive the target reflected signal at different planes of polarisation. In total, there 
will be eight antennas mounted on tripods, four for X-band and four for L-band. Thus, the 
antennas need to be portable and manageable in size. 

























  Receiver 2   
Figure 1-1: Setup of the NeXtRAD system to detect a target on water using three antennas for increased 
accuracy, one active transceiver and two receivers. 
 
 
A 10◦ half-power beamwidth (HPBW) for NeXtRAD is necessary to compare its results 
directly with NetRAD. Maintaining the same HPBW will ensure the same cross range and 
pointing requirements for both systems, thus an equal patch of the sea surface can be illumi- 
nated. A networked camera shall be mounted at each antenna site to stream images of the 
illuminated scene and store the data for further analysis. Video feeds shall also be used to 




1.2 Project Requirements 
 
The NeXtRAD project has to preserve the same illumination as NetRAD with the azimuth 
HPBW of 10◦ in both X-band and L-band, be portable and withstand environmental con- 
ditions such as wind. Table 1-1 shows all the requirements for the X-band and L-band 
antennas. 





Table 1-1: NeXtRAD project specifications 
Parameter X-band L-band 
Frequency range 8.5 GHz - 10.5 GHz 1.2 GHz - 1.4 GHz 
Instantaneous bandwidth 50 MHz 50 MHz 
Total bandwidth 130 MHz 130 MHz 
Peak power 400 W 1.5 kW 
Average power 40 W 150 W 
Dual Polarisation Yes Yes 
 
 
With these required specifications the antenna could be large, especially for L-band which 
has a lower centre frequency. Due to the large size of the antennas, problems can arise to 
mount on tripods at the coastal region in the presence of strong winds. The total bandwidth 
of 130 MHz is not required for the work in this dissertation, but the system must be able to 
operate over the instantaneous bandwidth of 50 MHz. 
 
1.3 Research Objectives 
 
The main objectives of this dissertation are to: 
 
• Investigate different types of antennas that most suitably meet the specifications, such 
as size, portability, and ability to handle the environment. This dissertation focuses 
on the design, simulation, and implementation of the X-band antenna to achieve the 
requirements shown in the X-band column of Table 1-1. 
• Design a waveguide that supports dual polarisation. The waveguide needs two orthog- 
onal ports for vertical and horizontal polarisations, where each port needs to provide 
acceptable reflection coefficients and isolation from the orthogonal port, generally be- 
low −10 dB for both measurements. A reflection coefficient of −10 dB indicates 10% 
of the transmitted power is being reflected back to the transmitter, whereas −20 dB 
indicates that 1% of the transmitted power gets reflected back to the transmitter. Al- 
though a reflection coefficient of −20 dB would improve the response of the system, 
system engineers are commonly prepared to accept a reflection coefficient −10 dB. 
• Design the waveguide feed and antenna using the relevant calculations and equations. 
Simulate the antenna using appropriate software to analyse the radiation pattern and 
scattering parameters (S-parameters) of the dual polarised ports. 





• Fabricate the antenna that produces the best results from the simulation. The cost of 
the manufactured antenna should be kept to a minimum since it is the first functional 
prototype for NeXtRAD at UCT. 
• Test and characterise the antenna and its radiation pattern in both planes of polarisa- 
tion. 
• Verify the accuracy of the simulation software by comparing the results with the fab- 
ricated antenna. Measurements from the prototype are experimental results that will 
or will not perform under test (That is assuming all the experimental tests have been 
done accurately). Simulations are based on algorithms. When comparing simulation 
and experimental tests the measured prototype has more validity and can be served as 
the standard for validation. 
 




1.4 Polarisation Theory 
 
Polarisation of an electromagnetic (EM) wave refers to the directions of the electric (E-) and 
magnetic (H-) fields. Figure 1-2 illustrates the E- and H-fields in vertical (V-) polarisation 
where the direction of propagation is in the positive z-axis. 
 
Figure 1-2: E- and H-fields shown in both vertical (left) and horizontal (right) polarisations [2]. 
 
 
Polarisation is dependent on the orientation of the E-field with respect to earth. Considering 





that the yz-plane is the ground plane, a vertically polarised (V-polarised) antenna has its 
E-field oscillating vertically in the electric plane (E-plane) perpendicular to ground, and the 
H-field in the magnetic plane (H-plane) parallel to ground. This is also true for a horizontally 





An important aspect of antenna polarisation is that a receiving antenna responds efficiently to 
receiving EM waves with the same polarisation. For example, ideally, a V-polarised antenna 
will receive only the V-polarised EM waves and not the H-polarised waves. However, in 
reality, alignment is crucial. A V-polarised antenna will still be able to receive weak H- 
polarised waves because the orthogonal polarisations will not be perfectly aligned [3]. This 
is known as antenna mismatch, polarisation mismatch, or polarisation loss factor. The power 
loss due to polarisation mismatch can be determined using the following equation [4]: 
Polarisation mismatch loss = 20log(cosϑ) [dB] (1-1) 
where ϑ is the misalignment angle between the antenna and the receiving signal. Thus, as ϑ 
tends towards 90◦ the loss increases. A skew polarisation can be used where the antenna is 
orientated at 45◦ and will receive both V- and H-polarised waves equally. However, due to 
the 45◦ orientation, from (1-1), the antenna will have a 3 dB loss when receiving either V- 




When an antenna transmits at a particular polarisation, the scattered signals from reflections 
and refractions can change the polarisation, and the receiving antenna will have mismatch 
losses. To counter this, an antenna can be designed to switch between V- and H-polarisation. 
Generally, polarimetry will utilise two feeds orthogonal to each other such that the antenna 
can either transmit and receive both polarisations simultaneously or switch between the 
polarisations. This is known as dual polarisation, alternating polarisation, or polarimetry. 
The following terms are used for transmitting and receiving polarisation and Table 1-2 shows 





the four different polarisations [5][6]: 
 
• VV polarisation — Transmit vertical, receive vertical 
• HH polarisation — Transmit horizontal, receive horizontal 
• VH polarisation — Transmit vertical, receive horizontal 
• HV polarisation — Transmit horizontal, receive vertical 
Table 1-2: Four different polarisations with its polarised transmitting and receiving antennas [5]. 
Single Polarisation HH or VV 
Dual Polarisation HH and HV, VV and VH, HH and VV 
Alternating Polarisation HH and HV, alternating with VV and VH 
Polarimetric HH, VV, HV, and VH 
 
 
VV and HH are known as co-polarised because of the same polarisation for transmission and 
reception. VH and HV are cross-polarised because polarisation is orthogonal to each other 
for transmission and reception. Due to its dual feeds, there is mutual coupling where EM 
waves interact between the ports. Another possibility is there is fringing fields at the tip 
of the transmitting probe and can interfere the other port. Cross polarisation interference 
will result from the E-field vectors not being perfectly horizontal or vertical within the 
antenna and waveguide feed. This causes polarisation mismatch as well as a decrease in 
isolation between the ports. The reflection coefficient of each port and isolation between 
the ports can be tested to analyse the efficiency and impedance matching, this is known as S-
parameters measurement and is discussed in Section 3.4.1. 
 
 
1.5 Literature Survey 
 
There are several antenna designs that can support dual polarisation. Some of these designs 
from the literature survey include the slotted waveguide array, microstrip patch array, and 
horn antenna fed by a microstip patch, and will be discussed in this section. 





1.5.1 Slotted Waveguide Arrays 
 
Slotted waveguide arrays (SWGA) are widely used in satellite communications and have high 
power capability and low manufacturing cost. The slotted waveguide arrays presented in [7] 
operates in X-band and are dual polarised. The V-polarisation is achieved by implementing 






Figure 1-3: Dual polarised slotted waveguide array with the vertical and horizontal slots [7]. 
 
 
The SWGA has the manufacturing complexity of cutting the slots to the required length 
and thickness to provide matching impedances for each slots. The positioning and spacing 
of the slots also contributes to impedance matching. The SWGA achieved −35 dB sidelobe 
level (SLL), 600 MHz bandwidth with 90% efficiency and 35◦ elevation HPBW. 
 
For the SWGA, a 10◦ HPBW and low sidelobes are achievable. High power capability is also 
possible, which satisfies the NeXtRAD requirements. However, the idea of SWGA has been 
eliminated due to the mechanical complexity. 
 
1.5.2 Microstrip Patch Array 
 
A dual polarised microstrip patch antenna array with a waveguide feed design operating 
in X-band is presented in [8]. The patch antenna provides compact size, allows different 





excitation techniques, dual and triple frequency operation, polarisation and radiation pattern 
flexibility. However, it does not have high gain or high power handling capability. The design 
of a dual polarised 2x2 patch array has been simulated and built. The complexity is in the 
transmission line that consists of a square waveguide, two quarter-wave transformers, and a 
standard WR-90 rectangular waveguide. Figure 1-4 displays a cross-section of this design. 
 
Figure 1-4: Dual polarised microstrip patch array consisting of a square waveguide, and two-step transformer 
to a rectangular waveguide [8]. 
 
 
Square patches are used to support dual polarisation and an array of patches improves the 
gain and reduces the HPBW. Two quarter-wave transformers match the WR-90 rectangular 
waveguide to the square waveguide and cover a wider bandwidth. The results show that 
the antenna achieved a HPBW of 38◦ in both planes and covers a bandwidth of 3.75 GHz 
from 7.7 GHz to 11.45 GHz. The same antenna can be rotated 90◦ to operate in the other 
polarisation [8]. 
 
This design can achieve a 10◦ HPBW by increasing the number of patches. However, it only 
operates in a single plane of polarisation. Another array of patches is required to support dual 
polarisation which increases the overall size of the antenna. Furthermore, patch antennas 
cannot withstand high power of more than 70 W. Thus, this design is not suitable for the 
NeXtRAD requirements. 

















1.5.3 Horn Antenna Fed by Microstrip Patch 
 
A dual polarised horn antenna fed by a microstrip patch has been proposed in [9]. The 
antenna operates at a centre frequency of 14.9 GHz in the Ku-band, with a bandwidth of 
600 MHz. The horn antenna consists of two microstrip lines, a gap-fed dual polarised patch, 
a square waveguide and a pyramidal horn shown in Figure 1-5. 
 
Figure 1-5: A dual polarised horn antenna fed by a microstrip patch [9]. 
 
 
The square waveguide receives fundamental TE10 and TE01 modes launched by the patch. 
The manufactured horn shows a reflection coefficient of less than −10 dB, port isolation 
greater than 30 dB over 14.6 GHz to 15.2 GHz, gain of 12.34 dBi at 14.9 GHz, and −10 dB 
beamwidths of 87◦ in the E-plane and 88◦ in the H-plane. The proposed design shows 
acceptable impedance matching, high port isolation, and can be easily integrated with printed 
circuits. 
 
Although this design met most of the requirements, the microstrip patch is not capable of 




In the current literature survey, the antenna designs were not suitable for the NeXtRAD 
requirements. However, [7] and [9] stated that the square waveguide with the square horn 





antenna supports dual polarisation and has high power handling capability. This design, 
along with the circular waveguide and conical horn antenna, will be investigated further. 
 
 
1.6 Dissertation Overview 
 
Chapter 1 provides an overview of the NeXtRAD project and describes the basic con- 
figuration of the multistatic radar intended for detecting low cross-sectional targets. This 
dissertation will investigate the design of a dual polarised X-band antenna that meets the 
NeXtRAD antenna specifications. The fundamentals of polarisation theory have been stud- 
ied, and a literature survey has been conducted to explore the alternative antenna designs 
that could possibly achieve the requirements. 
 
Chapter 2 discusses the approach of designing the dual polarised waveguide with a horn 
antenna to provide the required HPBW. Square and circular shaped waveguides and an- 
tennas are considered which support dual polarisation due to their symmetrical structure. 
This chapter also presents all the relevant mathematical expressions used to determine the 
dimensions of the dual polarised waveguide and the horn antenna. Both square and conical 
antennas are simulated in FEKO and the comparison shows that the circular waveguide and 
conical horn antenna provide the better results. 
 
Chapter 3 discusses the implementation and fabrication of the waveguide and horn an- 
tenna. A full description of the equipment used, test locations, the testing procedure and S-
parameters measurements are given. Modified simulations have been performed to match 
the dimensions of the simulated antenna with the fabricated antenna due to fabrication con- 
straints. A revised version of the antenna has been designed in FEKO to provide a further 
comparison. 
 
Chapter 4 presents all the results obtained from the simulations and testing the antenna, 
which includes S-parameters measurements and radiation pattern plots measuring HPBWs 
and SLLs. These results can be analysed to observe whether the antenna meets the NeX- 
tRAD specifications. Comparisons are made between the antenna prototype and simulation 
results to determine the accuracy of the simulation model. 
 
Chapter 5 draws conclusions from the results obtained. Detailed conclusions are made on 





the fabrication flaws, dual polarisation, the antenna design, the chosen test locations and 
the simulation software used. This chapter concludes if the NeXtRAD requirements are met 
and a list of recommendations has been given for improvements and future work. 
 
Appendix A provides all the relevant theory that discusses the characteristics of antennas. 
Appendix B aims to provide further understanding of microwave transmission lines, propaga- 
tion modes, and waveguide theory. These theories serve as a basis of understanding antenna 














This chapter provides the antenna requirements for the NeXtRAD project. Detailed mathe- 
matical analyses have been presented for the design of waveguides and antennas along with 
the insertion of the probe to radiate efficiently. FEKO is an Electromagnetic simulation 
software that is based on numerical methods (Method of Moments (MoM), Multi-level Fast 
Multipole Method (MLFMM), Finite Element Method (FEM)) that can solve a diverse set 
of EM problems. FEKO is capable of simulating antennas, thus makes it a suitable software 
for the task. The antennas have been simulated in FEKO suite 7.0 and the chapter is con- 
cluded with a discussion of the entire design procedure. The design procedure requires the 




2.1 Antenna Requirements 
 
Table 2-1 shows the requirements for the X-band antenna design. The aim of the X-band 
antenna is to achieve an azimuth HPBW of 10◦ in both V- and H-polarisation with an 
operating frequency of 8.5 GHz.1 The waveguide design is crucial as it determines the field 
distribution and the launching method, such as single or dual polarisation. The operating 
 
1During the early stages of the design process, the available network analysers could only operate at a 
maximum frequency of 8.5 GHz. The new network analyser that could operate up to 67 GHz was only 
available at the end of the design procedure. 






Table 2-1: X-band antenna specifications 
Parameter X-band 
Operating Frequency 8.5 GHz 
Instantaneous Bandwidth 50 MHz 
Peak Power 400 W 
Average Power 40 W 
Dual Polarisation Yes 
 









× 10 m/s 
8.5 × 109 Hz 
= 35.29 mm 
 




2.2 Antennas Considered 
 
Antenna design is heavily dependent on the frequency and wavelength. The size of an 
antenna is inversely proportional to the operating frequency and increasing the aperture size 
increases the gain and reduces the HPBW. In X-band, the size of an antenna with a 10◦ 
HPBW is not a major issue. A list of antennas have been considered in Chapter 1 including a 
discussion of their advantages, disadvantages and applicability for the NeXtRAD project. All 
the antennas are directional antennas and support dual polarisation. The following antennas 
have been considered in [2], [10], and [11]: 
 
Horn Antenna 
• Advantage — Ease of design, ease of manufacture, durable, cost effective, broad band- 
width, high gain, low loss, and high power handling capability. 
• Disadvantage — Relatively large overall size especially in length. 
 
The horn antenna satisfies most of the antenna requirements for the NeXtRAD project. The 





only trade-off is that the length of the horn contributes to the overall size. However, in 
X-band, the size of the horn antenna is still tolerable. 
 
Parabolic Dish Antenna 
• Advantage — Small in size, high gain, low loss, low sidelobes, and high power handling 
capability. 
• Disadvantage — Difficult to manufacture, costly, and difficulty of alignment between 
the dish and the feed. 
 
The dish antenna provides a small size while still achieving high gain and low sidelobes. A 
commercial satellite caravan dish antenna has been considered in Appendix F. However, the 
antenna feed operates at 12.5 GHz. This antenna has been simulated with a 8.5 GHz waveg- 
uide feed in FEKO, and the result shows a 5.7◦ azimuth HPBW when vertically polarised 
and therefore too narrow to meet the 10◦ azimuth HPBW. A custom designed dish would 
be required which involves a complex fabrication process. 
 
Pillbox Antenna 
• Advantage — High gain, low loss, high power handling capability, broad bandwidth, 
ease of manufacture, and cost effective. 
• Disadvantage — Large structure, not wind resistant, and difficult to mount. 
 
The pillbox antenna has similar characteristics to the dish antenna. However, due to its 
parallel plates and parabolic reflector, the overall structure is large and difficult to handle. 
The structure also makes it difficult to mount on a standard tripod. The pillbox antenna 
meets the specifications but the large size and structure of the pillbox antenna is not feasible. 
 
Microstrip Patch Antenna 
• Advantage — Compact size, ease of manufacture, and cost effective. 
• Disadvantage — Low power handling capability, narrow bandwidth, and low gain. 
 
As discussed in Section 1.5.2, the advantage of a patch antenna is the cost efficiency and the 
compact size. However, the power handling requirement of 400 W makes the patch antenna 
not suitable. 






• Advantage — High gain, low loss, high power handling capability, ease of manufacture, 
durable, and cost effective. 
• Disadvantage — Highly complex design, difficulty of feeding an entire waveguide array 
simultaneously. 
 
A slotted waveguide array increases the aperture size to achieve the required HPBW. The 
waveguide array needs to be fed in phase simultaneously with a power splitter. With the 
lack of equipment to perform the required task, the idea of a slotted waveguide has been 
discarded as discussed in Section 1.5.1. 
 
Consideration 
Considering all the advantages and disadvantages of each type of antenna, the horn an- 
tenna has been selected as the best and most feasible choice. Other factors that have been 
considered include the complexity of fabrication, and the availability of the equipment and 
facilities. Furthermore, the two horn antennas suitable for dual polarisation are the square 
horn and conical horn antennas. The rest of this chapter shows all the important calculations 
needed to design the waveguides and the horn antennas. The simulations in FEKO further 
finalise the most suitable design to meet the NeXtRAD antenna specifications. 
 
 
2.3 Waveguide Design 
 
This section will outline the waveguide design. Due to dual polarisation where both planes 
need to be symmetrical, a rectangular waveguide is not feasible. Only square waveguides and 
circular waveguides will be able to support dual polarisation [7][12]. A coaxial to waveguide 
transition is required to deliver the transmitted or received signal through the waveguide and 
coaxial line. This section shows how the size of the waveguide must be designed such that 
only the fundamental mode can propagate, it also shows how the probe length and position 
are chosen for appropriate impedance matching. 





2.3.1 Waveguide Modes 
 
Waveguide modes are represented as TEmn and TMmn where the mode of propagation is 
identified by the two subscripts ‘mn’. The subscript ‘m’ represents the number of half wave- 
lengths across the width of the waveguide and ‘n’ represents the number of half wavelengths 
across the height of the waveguide [12][13]. For example, a TE10 mode means that the E-field 
is transverse to the direction of propagation, with half a wavelength across the width and 
no half wavelength across the height of the waveguide. 
 
The field inside a waveguide is a combination of several modes, such that each mode has a 
critical or cutoff frequency. A waveguide has a fundamental mode of operation and is gen- 
erally designed to only allow the fundamental mode to propagate so that other higher-order 
modes are attenuated. The dimensions are calculated such that only the fundamental mode 
can propagate between the fundamental mode’s cutoff frequency and the next higher-order 
mode’s cutoff frequency. This is the main reason that waveguides have a limited bandwidth. 
Any frequencies operating below the cutoff frequency will not propagate through the waveg- 
uide and if the operating frequency is above the cutoff frequency, there is a possibility that 
other higher-order modes will propagate [12][14]. 
 
The fundamental mode for a rectangular waveguide is the TE10 mode, and TE11 mode for 
a circular waveguide. More details on hollow waveguides are discussed in Appendix B.4.3 
(rectangular waveguide) and Appendix B.4.4 (circular waveguide), including their respective 
fundamental modes, waveguide wavelength calculations and cutoff frequency calculations. 
 
2.3.2 Polarisation Field Distribution 
 
Dual polarisation allows an antenna to transmit and receive in HH and HV, VV and VH, 
HH and VV polarisations. For the waveguide to support dual polarisation, the width of the 
waveguide must be equal in both planes, where the two probes are inserted orthogonal to 
each other. Thus, one probe is responsible for transmitting and/or receiving V-polarisation 
and the other probe for H-polarisation. 
 
Figure 2-1 shows the chart of the field distribution inside the square and circular waveguides 
and the difference on the E-field orientation between V- and H-polarisation. 
























Fundamental Mode TE11 TE11 
Figure 2-1: E-field distribution between V- and H-polarisation for square and circular waveguides. 
 
 
From Figure 2-1 it can be observed that the E-field is parallel to the plane of polarisation. 
There is always half a wavelength across the waveguide aperture in the fundamental modes. 
The E-field strength of the square waveguide is at its peak in the centre and decreases 
while approaching the edges of the waveguide. The E-field of a circular waveguide behaves 
similarly, except that it is more uniform across the aperture. 
 
With the symmetrical structure of the waveguides, the HPBWs in both planes are not equal. 
Figure 2-2 shows the orientation of the E-field in TE11 mode. The azimuth and elevation 
HPBW measurements differ between V- and H-polarisation where the blue arrow represents 
the HPBW in the E-plane, and the red arrow represents the HPBW in the H-plane. 







Figure 2-2: HPBW placements for circular E-field distribution in V- and H-polarisations. 
 
 
Referring to the V-polarised circular waveguide in Figure 2-2, the azimuth HPBW, θaz(V-pol), 
measures segments of the E-field in the horizontal plane. The elevation HPBW, θel(V-pol), 
measures the entire E-field vertically. The H-polarised circular waveguide switches the roles. 
 
2.3.3 Coaxial to Waveguide Transition 
 
A coaxial line and a hollow waveguide are combined to feed an antenna. The waveguide 
needs a coaxial launcher (i.e., SMA or N-type) for the coaxial line to deliver the signal into 
the waveguide [15]. Figure 2-3 displays a coaxial launcher attached to the waveguide with a 
probe. 


















Figure 2-3: A coaxial launcher and probe inserted into a hollow waveguide [16]. 
 
 
Generally, EM waves travel from the coaxial line into freespace in the following way [16]: 
 
• The coaxial line carries the waves in TEM mode to the coaxial launcher with a probe 
attached to it. 
• The probe acts as an extension of the inner conductor of the coaxial line. Without 
the outer conductor, the waves radiate away from the probe and are reflected inside 
the waveguide. With the boundary condition2, the TEM mode from the coaxial line 
transitions to TE mode within the waveguide. 
• The closed wall of the waveguide acts as an open circuit, if the probe is placed appro- 
priately (quarter of a waveguide wavelength λg in (2-2)). 
• Finally, waves travel through the antenna and radiate through freespace. 
 
There are two main factors that have an impact on impedance matching: the positioning 
of the probe away from the backshort and the length of the probe. The estimations and 
reasons for the length of the backshort and probe are [15][16]: 
 
• Probe length: 
 















The probe acts as an impedance quarter-wave transformer for the transition from low 
impedance of the coaxial line (generally 50 Ω) to high impedance of the waveguide 
(generally freespace ≈ 377 Ω). 
• Backshort length:  




A shorted λg/4 acts as an open circuit at the waveguide wall and the resultant is a 
null every λg/2 from the short. 
 
The approximation is justified because an ideal probe is assumed to have no inductance or 
capacitance. Since the probe acts as a wire, it introduces inductance and capacitance to the 
waveguide wall [15]. However, the dimensions can start from the approximations and can be 
adjusted to get the best impedance matching.3 
 
2.3.4 Square Waveguide and Probe Calculations 
 
Table 2-2 shows the standard off-the-shelf rectangular waveguides in their respective fre- 
quency bands and cutoff frequencies, and Figure 2-4 shows the corresponding dimensions 
[14]. 
Table 2-2: Standard rectangular waveguide dimensions 
Freq. Band a (mm) b (mm) f (GHz) fc (GHz) 
L 165.1 82.55 1-2 0.908 
S 72.14 34.04 2-4 2.08 
C 47.55 22.15 4-8 3.155 
X 22.86 10.16 8-12.4 6.56 
Ku (J) 15.8 7.9 12-18 9.49 
 
3Paul Wade in [15] did many experiments on varying the lengths of the backshort and the probe, con- 
cluding that the exact λ /4 for the probe and λg/4 for backshort length are acceptable but not optimum. 
However, experiments have shown that the optimum lengths are not very far away from the approximation 
of the quarter wavelengths. 
















Figure 2-4: Rectangular waveguide dimensions 
 
 
X-band is the required operating frequency for this dissertation. Consequently, Table 2-2 
shows the length of the square waveguide a is chosen to be 22.86 mm. The width of a = 
22.86 mm from Table 2-2 considers the cutoff frequency and will propagate its fundamental 
TE10 mode when V-polarised. For the square waveguide to support dual polarisation, the 
height must also be equal to the width such that a = b = 22.86 mm. Equation (B-2) finds 
the cutoff wavelength to confirm that the given dimension in the table is valid. 
λc = 2a 
= 2 × 22.86 mm 
= 45.72 mm 
 




3 108 m/s 
0.4572 m 
= 6.56 GHz 
 
which is equal to the cutoff frequency shown in Table 2-2 for X-band. Thus, an operating 























From (B-3), the waveguide wavelength is: 
 
λ =
















= 55.51 mm 
 
The length of the probe and backshort can be calculated using (2-1) and (2-2) respectively. 




















= 13.88 mm 
 
With these calculated values, the square waveguide can be designed with the relative dimen- 
sions. 
 
2.3.5 Circular Waveguide and Probe Calculations 
 
Circular waveguides have no standard sizes designed for different frequency bands, unlike 
with rectangular waveguides. However, the circular waveguide can be designed using the 
required equations found in Appendix B.4.4. 
 
Aluminium water pipes of thickness 2 mm and inner diameter of 28 mm have been chosen 











pipes are kept constant, pipes with a smaller inner diameter would become thicker and 
impractical for the fabrication process, especially when drilling holes for the coaxial launcher. 
The fundamental TE11 mode is required for the circular waveguide to propagate efficiently. 
The next higher-order TM01 mode and the second higher-order TE21 mode have also been 
considered to find their cutoff frequencies to prevent the modes from propagating. Using (B-









and TE21 mode is: 
λc(TE11) = 1.706 × lg 
= 47.77 mm 
 
 
λc(TM01) = 1.306 × lg 
= 36.57 mm 
 
 
λc(TE21) = 1.029 × lg 
= 28.80 mm 
 






3 108 m/s 
0.04777 m 
= 6.28 GHz 
 
The cutoff frequency for the next higher-order TM01 mode is: 
 
fc(TM01) = 8.20 GHz 
 
and the cutoff frequency for the second higher-order TE21 mode is: 
 
fc(TE21) = 10.12 GHz 
 
An operating frequency of 8.5 GHz is above the cutoff frequency of 6.28 GHz and 8.20 GHz, 














which leads to the possibility of introducing the next higher-order TM01 mode but not the 
TE21 mode. However, the way that the launcher is positioned in the waveguide excites 
mostly TE modes. Thus, the next higher-order TM01 mode is not a major problem at this 
preliminary stage. The launching methods for TE and TM modes within a waveguide is 
shown in Appendix C. 
 
From (B-10), the waveguide wavelength is: 
 
λ =
















= 52.36 mm 
 





















= 13.09 mm 
 
With these calculated values, the circular waveguide can be designed. 
 
2.3.6 Dual Polarising a Waveguide 
 
To dual polarise a waveguide, two probes can be inserted orthogonal to each other. Theoreti- 









in reality, while one probe is transmitting, there is a possibility that the radiated power can 
be received by the other orthogonal probe due to misalignment as discussed in Section 1.4.1. 
Since the two probe tips are not far apart, there is an added possibility that the fringing 
fields at the tip of the transmitting probe can interfere with the other probe. 
 
The S-parameters measurement is tested on a network analyser to analyse the reflection 
coefficients of each port and the transmission coefficient between the ports. Acceptable 
isolation is achievable between the two probes by positioning them orthogonal to each other. 
To avoid the fringing field interference, the two probes can be spaced half a waveguide 
wavelength apart. This method has not been tested due to the time constraints and limited 





Table 2-3 shows the dimensions of the square and circular waveguides from the calculations. 
Table 2-3: Dimensions of the square and circular waveguides. 
 Square Waveguide Circular Waveguide 
Dimension 22.86 mm × 22.86 mm 28 mm in diameter 
fc 6.56 GHz 6.28 GHz 
λc 45.72 mm 47.77 mm 
λg 55.51 mm 52.36 mm 
Lprobe 8.82 mm 8.82 mm 
Lbackshort 13.88 mm 13.09 mm 
 
 
As discussed previously for the circular waveguide, operating at a frequency of 8.5 GHz 
might introduce the next higher-order TM01 mode with the dimension of 28 mm but does 
not excite other higher-order TE modes. Due to the limitation of resources, this was the 
smallest dimension available at the time. Additionally, comparing the freespace wavelength 
and cutoff wavelength for TM01, the difference of 1.28 mm has been considered tolerable. 
Thus, the dimension of lg = 28 mm has still been chosen. 
 
A comparison of the square and circular waveguides shows no major size differences. The 
circular waveguide has a lower cutoff frequency of fc = 6.28 GHz and a shorter waveguide 













wavelength of λg = 52.36 mm. As long as the operating frequency is not near the cutoff 
frequency, the fundamental waveguide mode will propagate. 
 
 
2.4 Horn Antenna 
 
Horn antennas are directional antennas that radiate or receive EM waves more effectively 
in the direction of the aperture. An open ended waveguide has the ability to radiate on its 
own. Equation A-18 shows that the gain of the waveguide is low due to its small aperture. 
Flaring the waveguide into a larger aperture increases the gain and reduces the HPBW. The 
flaring can increase either in the H-plane or E-plane. In this dissertation, both the E-plane 
and H-plane have been flared to reduce the HPBW in each plane, creating a pyramidal horn 
[10]. Figure 2-5 shows the radiation pattern of a pyramidal horn antenna, the E- and H-fields 
of the radiation pattern and the aperture distribution. 
 
 
Figure 2-5: Radiation patterns showing the E- and H-plane, and the E- and H-field aperture distributions 
of a pyramidal horn antenna [10]. 
 
 
Conical horn antennas are usually fed by a circular waveguide that supports the fundamen- 
tal TE11 mode. The design calculations in Section 2.4.1 for the conical horn antenna are 
similar to the square horn antenna. Both the conical horn and the square horn antenna are 
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symmetrical in both planes. However, the conical horn antenna has rotational symmetry in 
the E- and H-Plane because of its circular shape. Unlike a square shape, it does not have any 
sharp edges, therefore the E-field distribution is smoother throughout the whole aperture as 
shown in Figure 2-1. 
 
2.4.1 Square Horn Equations 
 




Figure 2-6: Side view of a horn antenna showing its dimensions. 
 
 
The following list shows the representation of the variables in Figure 2-6: 
ltot + ∆l — Slant length of the horn 
la — Length from the apex to the opening of the horn 
lh — Length of the horn from the opening of the horn to the centre aperture 
ltot — Total length from the apex to the centre aperture 
D — Length of the aperture in its respective plane 
lg — Length of the waveguide or opening of the horn in its respective plane 
σ — Angle from the centre to the slant of the horn 















By analysing (2-3), it can be seen that the length of the horn antenna is directly proportional 
to half of the aperture squared (l ∝ D2/2). It is noted that ltot is not the actual length of 
the horn antenna. Basic trigonometry can be used to calculate the actual length of the horn 
lh: 







2.4.2 Square Horn Calculations 
 
To calculate the length of the horn, the aperture and wavelength is needed. For the required 





60 × 35.29 mm 
10◦ 
= 211.74 mm 
 
In order to achieve dual polarisation in both V- and H-planes with 10◦ HPBW, the square 
horn antenna is designed with an aperture side of 211.74 mm. Similarly, the opening of the 
antenna is also a square with lg = 22.86 mm, chosen from the industry standard dimension 
‘a’ in X-band. 
 
Therefore, using (2-3), the total length is: 
D2 





2 × 35.29 mm 
= 635.22 mm 








From (2-4), the length of the horn is: 
 





= 635.22 mm 
(
1 − 
 22.86 mm 
)
 
= 566.64 mm 
 
Using (A-18), the gain equation of the square horn antenna is: 
4π 





2 × Aem × er 
 
where Aem = D × D is the physical aperture of the horn antenna and the radiation efficiency, 
er, ranges between 0.4 to 0.8 for a practical antenna and generally assumed to be 0.5 for a 




× 211.74 mm × 211.74 mm × 0.5 
= 226.19 
≈ 23.54 dBi 
 
2.4.3 Conical Horn Calculations 
 
Again referring to Figure 2-6, the conical horn can be designed. Firstly, the diameter D of 






Even though the aperture diameter in (2-5) can be found, it is evident from simulation that 
this equation does not give the approximate 10◦ azimuth HPBW in both polarisations. The 
design is shown in Appendix E. Thus, the better approximation for the circular aperture 























Substituting the known variables, the diameter for the aperture is: 
D = 
70 × 35.29 mm 
10◦ 
= 247.06 mm 
For an optimum conical horn, the aperture of the horn is dependent on the length of the 
antenna. The total length of the cone from the apex to the centre aperture of the horn is 




Substituting the found diameter D and λ◦ into (2-7): 
(247.06 mm)2 
ltot 
3 × 35.29 mm 
= 576.47 mm 
(2-7) 
 
To find the length of the horn lh, the same calculations can be done in (2-4). The diameter 
of the circular waveguide is 28 mm, so the opening of the antenna lg will also be 28 mm. 
Thus, the length of the horn is: 
l = 576.47 mm 
(
1 −
   28 mm 
)
 
= 511.14 mm 
 








π 247.06 mm 2 
35.29 mm 
= 241.86 
≈ 23.84 dBi 
× 0.5 
= 







Table 2-4 summarises the dimensions of the square and conical horn from the calculations. 
Table 2-4: Dimensions of the square and conical horn antennas. 
 Square Horn Conical Horn 
Length (lh) 566.64 mm 511.14 mm 
Aperture width (D) 211.74 mm 247.06 mm in diameter 
Opening (lg) 22.86 mm 28 mm in diameter 
 
 
The conical horn is shorter in length but larger in aperture since a different equation is used 
to calculate the aperture. The square waveguide and circular waveguide are attached to the 
square horn and conical horn respectively. Both the antennas are simulated in FEKO and 
the simulations is shown in Section 2.5. 
 
 
2.5 FEKO Measurements 
 
Using the dimensions in Table 2-3 and Table 2-4, both waveguides and horn antennas are 
simulated in FEKO version 7.0 to analyse the performance. In FEKO, the numerical method 
of MLFMM has been chosen which enables the analysis of antennas in electrically large envi- 
ronments that allows near-field and far-field radiation pattern measurements. The antennas 
have been constructed by designing the waveguide and the horn antenna with the calculated 
dimensions, merged, meshed, and finally inserting a waveguide port function on the waveg- 
uide. The waveguide port function is the easiest way to excite the antenna that allows only 
the fundamental mode to propagate. There are two ways to feed the waveguide: using the 
‘waveguide port’ function in FEKO or manually designing the probes and coaxial launchers 
to excite the TEM mode which feeds the waveguide. Due to the limited documentation on 
FEKO’s ability to simulate manually designed feeds, the waveguide port function has been 
chosen. The far field radiation patterns in the polar plots and Cartesian plots are measured 
along with the azimuth and elevation HPBWs and SLLs in both polarisations. The antenna 
with the best results that satisfies the project requirements is chosen to be fabricated. 





2.5.1 FEKO Square Horn 
 
The square horn design is similar to the square horn in Appendix D that has been designed 
in a previous investigation in 2014 [18], but this antenna was substantially long and there- 
fore impractical. The new and optimised design shows that the length has been reduced 
significantly. Figure 2-7 and Figure 2-8 show the results for the square horn antenna sim- 
ulated in FEKO. The simulations have been constructed such that the xz-plane represents 
the elevation, and the yz-plane represents the azimuth or ground plane. 
 




Figure 2-7: Square horn antenna 3D radiation pattern in V- and H-polarisation simulated in FEKO. 
 
 
From Figure 2-7, it can be observed that the radiation pattern is symmetrical and has large 
sidelobes. For V-polarisation, sidelobes are large in the azimuth plane. However, in the case 
of the H-polarisation, by observation, the radiation pattern is rotated by 90◦, the sidelobes 
are large in the elevation plane. 
 
Figure 2-8 shows the polar plots and Cartesian plots of the elevation plane (labelled as 
el-plane) and azimuth plane (labelled as az-plane) when the antenna is V- and H-polarised. 







Figure 2-8: FEKO square horn radiation patterns in polar and Cartesian plots for V- and H-polarisations 
in the elevation and azimuth plane. 
 
 
From the NeXtRAD requirements, only the azimuth plane in both polarisations are required. 
Analysing the results in Figure 2-8, when V-polarised and H-polarised respectively, the polar 
plots show the azimuth HPBWs of 9.2◦ and 12.4◦, and the Cartesian plots show the SLLs in 
the azimuth plane of 9.09 dB and 27.95 dB. The gain of the square horn antenna predicted 
to be 23.85 dBi in FEKO . 





2.5.2 FEKO Conical Horn 
 
Similar to the square horn, the conical horn was also simulated in FEKO where the yz-plane 
represents the ground plane. Figure 2-9 displays the 3D radiation pattern for the conical 





Figure 2-9: Conical horn antenna 3D radiation pattern in V- and H-polarisation simulated in FEKO. 
 
 
From observing Figure 2-9, the radiation pattern is symmetrical as well, but the sidelobes 
are substantially lower than the square horn antenna in Figure 2-7. For a clearer analysis, 
Figure 2-10 shows the measurements in the polar plots and Cartesian plots of the elevation 
and azimuth plane when the antenna is V- and H-polarised. 








Figure 2-10: FEKO conical horn radiation patterns in polar and Cartesian plots for V- and H-polarisations 
in the elevation and azimuth plane. 
 
 
Analysing the results in Figure 2-10, when V- and H-polarised respectively, the polar plots 
show the azimuth HPBWs of 9.1◦ and 10.6◦, and the Cartesian plots show the SLLs in the 
azimuth plane of 19.28 dB and 38.67 dB. Unlike the polar plots for the square horn antenna, 
the shoulders that appear at both −15◦ and 15◦ are not first sidelobes. The shoulders did 
not reach to a null and are not considered as the first sidelobe peak. The gain of the conical 
horn antenna has been predicted to be 24.19 dBi in FEKO. 






Port 1 Port 2 
 
2.5.3 Modified and Revised Conical Horn Design on FEKO 
 
Due to the dimensions of the prototype differing from the calculated dimensions, the FEKO 
simulation of the antenna has been altered to match the prototype which will be discussed 
in Chapter 3. Figure 2-11 shows the newly modified horn antenna with the dual polarised 
waveguide in FEKO. 
 
Figure 2-11: Conical horn antenna designed to match the dimension of fabricated antenna in FEKO including 
the dual polarised ports. 
 
 
For this modified FEKO version, two launchers that represent Port 1 and Port 2 have been 
set to excite the launchers in TEM mode. This provides a more realistic simulation compared 
to that of Section 2.5. The yz-plane still represents the ground plane. Similar measurements 
have been conducted for HPBWs and SLLs in both planes and both polarisations. With this 
feeding method, the S-parameters have been measured from the simulation. 
 
The revised conical horn has been designed by choosing the diameter of the waveguide to only 
allow the fundamental mode to propagate. FEKO has a built in iterative optimiser that takes 
in a range of the waveguide diameter steps to find the best response. The optimiser found that 
a waveguide diameter of 24 mm provides the best response. The feeding method has been 
implemented in the same manner as the modified FEKO version. The same methods and 
equations in Sections 2.3.5 and 2.4.3 have been followed in designing the circular waveguide 





and conical horn with the waveguide diameter lg = 24 mm. The detailed calculation is shown 




FEKO simulations have been successful and showed that both antennas can achieve close 
to the required azimuth HPBW in both polarisations. However, even with the symmetrical 
dimensions in both planes of the antennas, it is not possible to achieve exactly 10◦ azimuth 
HPBW due to the different distributions in either polarisations as discussed in Section 2.3.2. 
Table 2-5 shows the square and conical horn results simulated in FEKO. 
Table 2-5: FEKO results comparison between square and conical horn antenna. 
 V-Polarisation H-Polarisation Gain 
 Plane HPBW SLL HPBW SLL Calc. FEKO 
Square Elevation 12.4◦ −27.91 dB 9.2◦ −9.11 dB 23.54 dBi 23.85 dBi 
Azimuth 9.2◦ −9.09 dB 12.4◦ −27.95 dB 
Conical Elevation 10.6◦ −38.71 dB 9.1◦ −19.27 dB 23.84 dBi 24.19 dBi 
Azimuth 9.1◦ −19.28 dB 10.6◦ −38.67 dB 
 
 
The square horn has an approximate 3◦ difference between the azimuth HPBWs in both 
polarisations (θaz(V-pol) = 9.2◦, θaz(H-pol) = 12.4◦) and has a high SLL in the V-polarised 
azimuth plane of −9.09 dB. As mentioned in Section 2.5.2 for the conical horn antenna, the 
shoulders that appear at both −15◦ and 15◦ are not first sidelobes. However, the shoulder for 
the square horn that appear at both −15◦ and 15◦ are the first sidelobes due to dipping to a 
null and change in gradient and thus results in a poor SLL. On the other hand, the conical 
horn has an approximate 1◦ difference between the azimuth HPBWs in both polarisations 
(θaz(V-pol) = 9.1◦, θaz(H-pol) = 10.6◦) and excellent SLL in the azimuth plane of −19.28 dB 
and −38.67 dB in V- and H-polarisations respectively. 
Comparing the 3D radiation pattern of the two antennas, it can be observed that the square 
horn has large sidelobes in one plane, which explains the high SLL in the V-polarised azimuth 
plane. However, the conical horn has an improved main lobe with small sidelobes in both 
planes. Only the conical horn antenna has a HPBW error margin within ±1◦ of 10◦ for both 
polarisations. Both antennas have above 23 dBi gain, moreover the conical horn has a higher 
gain because of its larger aperture size. The difference in value between the calculated gain 
and FEKO gain is due to the estimated radiated efficiency for the calculated gain. 





The conical horn has lower SLLs and the HPBW in both polarisations are close to the 
required 10◦. The conical horn has a shorter length and larger aperture compared to the 
square horn as well as better overall results. Therefore, the conical horn antenna has been 
chosen to be developed further. 
 
The manually designed dual probes and coaxial launchers have been implemented in the 
modified and revised design in FEKO. As discussed earlier, it was not known whether this 
feeding method would yield proper results in FEKO. Nevertheless, since the prototype has 
been fabricated, comparisons have been made to determine whether this feeding method will 












Fabrication and Testing 
 
This chapter provides a detailed description of the waveguide and the flared conical horn 
fabrication process. Furthermore, this chapter describes all the equipment used, explains all 
the testing procedures, and the locations chosen for testing radiation pattern measurements. 
A modified version of the antenna was simulated in FEKO to match the fabricated antenna 
and a FEKO revised version was also simulated that ignores the limitation of resources. Nei- 
ther the modified nor the revised version of the antennas used the ‘waveguide port’ function. 






After completion of all the calculations and FEKO simulations on the conical horn antenna 
and the waveguide, the antenna was ready to be fabricated as the first experimental pro- 
totype. The horn antenna has been made from 2 mm thick aluminium plates. Aluminium 








3.1.1 Waveguide Fabrication 
 
Standard 2 mm thick aluminium water pipes with a diameter of 28 mm have been chosen 
because of the small hollow tube size. The flanges have been fabricated by the Mechanical 
Workshop at UCT. The pipes have been cut into 50 mm in length, welded with a flange, 
and one side of the pipe sealed. Figure 3-1 shows the completed waveguide. 
 
Figure 3-1: Dual polarised waveguide fabricated from aluminium water pipe. 
 
 
In Figure 3-1, two SMA launchers with quarter-wave probes are attached to the waveguide 
orthogonal to each other for dual polarisation. SMA launchers have been used due to their 
compact size and their ability to operate at high frequencies, including X-band. Steel putty 
has been used to attach the two SMA launchers to avoid nuts and bolts interfering with the 
performance. The steel putty has been applied on the flanges of the SMA connectors. The 
resistivity does not make a difference because it has been used for structural integrity on 
the outer surface and should therefore not cause any interference. Port 1 has been tested as 
V-polarisation and Port 2 as H-polarisation. 
 
To match the probe to the waveguide, the probe has been soldered with a length longer 
than λ◦/4 and connected to the network analyser to find the best reflection coefficient. The 
length of the probe was then gradually shortened until the reflection coefficient was at an 
acceptable level of less than −10 dB. The length of the probe for optimum performance was 
11 mm long and the backshort length was 14 mm. Both lengths are slightly longer than the 
calculated probe and backshort lengths, but the differences were negligible. 





3.1.2 Conical Horn Fabrication 
 
The conical horn has been drawn in AutoCAD. Flanges have been designed to be welded 
onto the horn and waveguide so they can be assembled together. The calculations, AutoCAD 
drawings of the flat horn, bracket, and flanges are shown in Appendix G. 
 
The horn drawing has been sent to ‘CFW Fans (Pty) Ltd’, a metalwork company, for fab- 
rication. The slanted structure of the conical horn makes it difficult to mount the horn on 
any tripod or stand. Thus a bracket has been designed to be welded onto the horn for an 
easier tripod mount. Figure 3-2 shows the completed conical horn with its flange attached, 
the bracket, and the waveguide screwed onto the opening of the horn. 
 
Figure 3-2: The manufactured conical horn with the dual polarised waveguide. 
 
 
Due to physical constraints in the rolling process, the horn has not been fabricated perfectly. 
The plate has been ‘bent’ into sections as shown in the right photo of Figure 3-2. The 
fabricated inner diameter of the aperture, D, is 248 mm and the length of the horn, lh, is 
510 mm. However, the dimension of the opening, lg, is 28 mm in diameter so the waveguide, 





The following essential equipment has been used for testing the various antenna parameters 
and can be seen in Figure 3-3: 




(a) (b) (c) (d) 
(e) (f) (g) (h) 
 
(a) Reference X-band horn antenna (Transmitting antenna or transmitter) 
(b) Prototyped conical horn antenna with dual feed waveguide (Receiving antenna or re- 
ceiver) 
(c) SMA cables (Coaxial cables) 
(d) Rotatable tripod mount 
(e) Rohde & Schwarz SMF 100A Signal Generator [19] 
(Operating freq. up to 170 GHz, output power of +25 dBm) 
(f) ThinkRF WSA5000-220 Spectrum Analyser [20] 
(Operating freq. up to 20 GHz, instantaneous bandwidth 100 MHz, noise figure of 
< 15 dB) 
(g) Agilent Technologies PNA-X Network Analyser N5247A [21] 
(Operating freq. up to 67 GHz, noise floor of −118 dBm, output power of 13 dBm) 
(h) Termination SMA 50 Ω DC-18 GHz MCL Anne-50+ 
 
 
Figure 3-3: Equipment required for the testing procedure. 
 
 
The equipment have been set up in the appropriate location for testing, which will further 
be elaborated upon in Section 3.3 and Section 3.4. 





3.3 Testing Locations 
 
When an antenna is transmitting, EM waves can be reflected off objects and the environment, 
such as walls, the ground, poles, etc. These EM waves can still be received by the receiving 
antenna, which is known as multipath. For antenna testing, multipath can be an issue 
because the receiving antenna can receive EM waves in different directions and consequently, 
it would be difficult to determine if the received wave is a multipath or the sidelobes of the 
antenna. 
 
Anechoic chambers are designed to reduce the effects of multipath interference. This allows 
for more accurate and repeatable testing of antennas. Without access to an anechoic chamber 
at local facilities, testing of the antenna can only be performed in areas where there are 
minimal obstructions to avoid multipath. This can be challenging because to find a reflection- 
free environment is impossible. The best solution has been to test the areas where there are 
minimal obstructions. The two locations (both at UCT upper campus) that have been 
chosen were the Sports Centre and the rooftop of Menzies Building. The configuration of 
the two antennas are shown in Figure 3-4. 


















































2 (248 mm)   
35.29 mm 
d > 3485.63 mm ≈ 3.49 m 
Therefore, the two antennas need to be placed at least 3.49 m apart to measure the radiation 
pattern in the far field region. The line of sight (LOS) between the antennas were 24.15 m 
and 5 m apart in the Sports Centre and Menzies rooftop respectively. The Sports Centre has 
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Menzies Building does not have several obstructions which eliminates most of the multipath 
interference, and the configuration also reduces ground reflections. 
 
 
3.4 Testing Procedure 
 
Two main tests have been done: S-parameters measurement and radiation pattern measure- 
ments. The S-parameters measurement has been used to analyse the reflection coefficient 
of each port and the isolation between the two ports. The radiation patterns obtained in 
the the azimuth and elevation plane can be used to analyse the HPBW and SLL in their 
respective planes. Specifications and references to the equipment are in Section 3.2. 
 
3.4.1 S-Parameters Measurement 
 
S-parameters or scattering parameters are complex, linear quantities used to describe the 
input-output relationship between two ports in an electrical system [22]. They are useful 
for systems operating at high frequencies and measured using modern network analysers. 
The S-parameters are represented as Smn where ‘m’ indicates the input port number and ‘n’ 
indicates the output port number. The S-parameters for a two-port system are as follows 
[23]: 
 
• S11 - Forward reflection coefficient (input match) 
• S22 - Reverse reflection coefficient (output match) 
• S21 - Forward transmission coefficient (gain or loss) 
• S12 - Reverse transmission coefficient (isolation) 
 
Figure 3-5 describes how each S-parameter is measured in a two-port device under test 
(DUT). 
































Figure 3-5: S-parameters measurement of a two port network [23]. 
 
 
The unit for S-parameters are in decibels and can be represented as a percentage: 
 
Smn = 10 10 × 100  [%] (3-1) 
 
If the value is less than 0 dB, this implies that there are power losses. A value greater than 
0 dB implies the gain is amplified. For antennas, the most common measurement is S11 
which measures the amount of power that is reflected back to the input port. For example, 
if S11 = −10 dB, when port 1 transmits at 100 W, 90 W is radiated, and 10 W is reflected 
back into port 1 which is referred to as power loss. Better impedance matching between the 
coaxial to waveguide transition will lead to lower power loss. 
 
The network analyser, shown in Figure 3-3(g), can perform calibrations to remove back- 
ground noises and losses in the cables at 8.5 GHz. After the calibrations, the network anal- 
yser has been connected directly to the antenna. The measurements for the S-parameters 
have been saved into an Excel spreadsheet, the data analysed, and measurements including 
the responses at centre frequency and instantaneous bandwidth have been determined. 
 
3.4.2 Radiation Pattern Measurements 
 
Two antennas are placed apart in the far field region to measure the radiation pattern of the 
antenna in the elevation and azimuth plane. The following procedure has been used to test 
the antenna’s radiation pattern: 





1. A stationary horn antenna has been used as the transmitter. The linearly polarised 
horn antenna has been connected to the signal generator via SMA cables. The signal 
generator has been set to transmit a power of 30 dBm. 
2. The prototyped conical horn antenna is the receiver which has been mounted on a 
rotatable tripod. The prototype has been connected to the ThinkRF via SMA cables 
and has the same polarisation as the transmitter. The ThinkRF has been connected 
to the laptop via CAT-6 Ethernet cable with RJ45 connectors and is responsible for 
receiving the data. The data has been observed on the laptop in real time and recorded 
for later analysis. 
3. The rotatable tripod can only rotate in the azimuth plane. Only Port 1 has been 
connected to the ThinkRF to test for its radiation pattern in the azimuth and elevation 
planes while Port 2 has been terminated with a 50 Ω terminator. 
4. Both antennas have been placed in the far field region with a height separation from 
ground level to minimise ground reflection. At UCT Sports Centre, the transmitter 
and receiver has a 1.8 m and 4.5 m height separation from ground respectively. On the 
Menzies Building Rooftop, the transmitter and receiver has a 1.6 m and 1.3 m height 
separation from ground respectively. 
5. Since both antennas are not in the same height level and the LOS plane is slanted, 
the tripod is elevated downwards and the transmitting antenna is elevated upwards so 
both antennas are in the same plane as LOS as shown in the side-view diagrams of 
Figure 3-4. 
6. While the transmitter has been transmitting at 30 dBm, the conical horn has been 
rotated through 360◦ in increments of 1◦. The received power has been recorded for 
all angles in the given range in both polarisations by the ThinkRF. 
7. When both antennas are V-polarised, the azimuth plane of the radiation pattern has 
been recorded following Step 6. Both antennas have been rotated 90◦ so that they are 
both H-polarised. The elevation plane of the radiation pattern has been recorded. 
8. The recorded data has been saved into an Excel spreadsheet and has been plotted into 
MATLAB to analyse the results. 
9. The whole process has been repeated with one small difference, Port 2 has been set as 
active and Port 1 has been terminated. This allows elevation and azimuth radiation 
pattern measurements for Port 2. 





After completion of testing, the elevation and azimuth radiation patterns have been measured 





The dimensions of the circular waveguide and conical horn for the prototype, modified FEKO 
and revised FEKO design have been summarised in Table 3-1. The modified and revised 
design have been discussed earlier in Section 2.5.3 and the dimensions of the revised design 
are found in Appendix H. 
Table 3-1: Dimensions of the circular waveguide and conical horn for the prototype, modified FEKO and 









lg 28 mm in diameter 24 mm in diameter 
Lprobe 11 mm 8.82 mm 
Lbackshort 14 mm 17.40 mm 
Lwaveguide 50 mm 69.62 mm 
Conical 
Horn 
lh 510 mm 520.47 mm 
D 248 mm in diameter 247.06 mm in diameter 
 
 
The dimensions of the prototype are similar to the calculated dimensions. The modified 
FEKO design has been re-simulated to match the prototype dimensions. Dual polarised 
ports that allowed a more realistic V- and H-polarised simulation have been inserted in the 
modified and revised FEKO designs. The revised version has been designed without the 
limitation of readily available hollow metallic tubes for the waveguide. 
 
The waveguide and conical horn antenna have been fabricated using aluminium plates and 
water pipes, costing below ZAR 2 000 per antenna. Fabricating the conical shape is difficult 
because of the small dimension of the opening, lg. Even though the dimensions of the 
prototype differ from the calculations due to physical constraints, there has not been a 
major size difference. 
 
Finding a location that offers minimal multipath has been a challenge. Weather conditions 
should be optimal when using an outdoor location. It has been a challenge for the tripod 
mount to be rotated manually. Only the azimuth HPBW in V- and H-polarisations have 





been part of the NeXtRAD requirements. Additionally, the elevation plane has been tested 












This chapter contains all the results obtained from the prototype and the simulated results 
from FEKO. The results need to be compared to determine the accuracy of the FEKO 
models, and simultaneously analyse whether the prototype achieved the NeXtRAD antenna 
specifications. The comparison involves the prototype, modified FEKO design, and revised 
FEKO design of the antenna. 
 
 
4.1 S-Parameters Result 
 
The S-parameter measurements of the prototype, modified and revised designs have been 
acquired. Different colours are used to distinguish between the graphs in the following plots. 
Blue represents S11, red S12, and green S22. The S12 and S21 parameters for all the designs 
are nearly identical, thus S21 has been omitted. 
 
4.1.1 Fabricated Design S-parameters 
 
Figure 4-1 illustrates the S-parameters measured using a network analyser over the 6.5 GHz 
to 10.5 GHz range. The key at the top right corner of the graph lists the responses at 
8.5 GHz. 







Figure 4-1: S-parameters of the dual polarised antenna measured by the network analyser. 
 
 
The data in Figure 4-1 is difficult to analyse due to the wide frequency range. Figure 4-2 
has been plotted using Excel to investigate the data between 8 GHz and 9 GHz. 
 
Figure 4-2: Prototyped antenna S-parameters graph between 8 GHz and 9 GHz. 





At 8.5 GHz, the reflection coefficient for Port 1 (S11) and Port 2 (S22) are −18.65 dB and 
−16.33 dB respectively. From (3-1), this implies 1.36%1 and 2.33%2 of the incident power 
is being reflected back to port 1 and port 2 respectively. The response of S12 is −17.31 dB, 
implying that on transmission, only 1.86% of the transmitted power will be received by the 
other port. 
 
4.1.2 Modified FEKO Design S-Parameters 
 




          
          
          
          
          
          
          
 
     
 
    
 
Figure 4-3: Modified FEKO design S-parameters graph between 8 GHz and 9 GHz. 
 
 
The S-parameters of the modified FEKO design are below −14 dB at 8.5 GHz. This implies 
that more than 90% of the power is being radiated and less than 2% is being transmitted 
between the two ports. An instantaneous bandwidth of 50 MHz (8.5 GHz ± 25 MHz) has 




1S11 = 10S11  [dB]/10 × 100 = 1.36% 
2S22 = 10S22  [dB]/10 × 100 = 2.33% 





4.1.3 Revised FEKO Design S-parameters 
 
Figure 4-3 shows the plot of the S-parameters measurement from the revised FEKO design. 
 
 
Figure 4-4: Revised FEKO design S-parameters graph between 8 GHz and 9 GHz. 
 
 
The revised FEKO design provided the best set of S-parameters measurements. The reflec- 
tion coefficients for S11 and S22 are −18.61 dB and −18.32 dB respectively. The transmission 
coefficient S12 is −18.68 dB. 







Table 4-1 summarises the important traces obtained from the prototype and both FEKO 
S-parameters results. 
Table 4-1: Two-port S-parameters results comparison between prototype and FEKO (modified and revised 
version) dual polarised horn antenna. 
 Centre Frequency Instantaneous Bandwidth 
 S-Parameter 8.5 GHz 8.475 GHz 8.525 GHz 
Network 
Analyser 
S11 −18.65 dB −16.63 dB −16.09 dB 
S12 −17.31 dB −18.83 dB −18.64 dB 




S11 −14.12 dB −14.46 dB −13.73 dB 
S12 −18.23 dB −18.30 dB −18.17 dB 




S11 −18.61 dB −18.78 dB −18.56 dB 
S12 −18.68 dB −18.72 dB −18.61 dB 
S22 −18.32 dB −18.47 dB −18.31 dB 
 
 
Observing the reflection coefficients S11 and S22 in Table 4-1, the responses are nearly iden- 
tical for the modified and revised designs because both ports have been simulated with the 
same dimensions. The prototype’s reflection coefficients showed a 1 dB difference between 
them. The fabrication process introduces the possibility of human errors such as different 
lengths of the probe and the backshort, soldering of the probes onto the SMA launcher, 
and the straightness of the probes. Even slight length differences can have an effect on the 
responses. 
 
In Figure 4-1, the responses worsen for frequencies higher than 8.5 GHz where the reflection 
coefficients of both ports and transmission coefficient between the ports increase simulta- 
neously. On the other hand, between 6.7 GHz and 8.9 GHz, all the responses are below 
−10 dB, which implies that both the reflection coefficients and transmission coefficient are 
less than 10%. Therefore, the prototype operates efficiently in a wide band. 
 
Since the modified design has been simulated according to the dimensions of the proto- 
type, comparisons have been made between them. The prototype surpasses the simulation, 
showing a reflection coefficient of less than −16 dB for both ports. The simulation has an 
improved isolation of approximately −1 dB. Overall, the prototype performs better than 
the modified FEKO design in terms of efficiency. The antenna operates efficiently within the 





50 MHz bandwidth. 
 
Both the modified and revised measurements showed efficient responses. The revised version, 
however, showed superior reflection coefficients. Additionally, the S11 and S22 plots provide 
an excellent response from 8.3 GHz through 8.7 GHz. The revised design has not been 
fabricated, thus the experimental results have not been obtained. Analysis of the prototype 
and modified FEKO design shows a high possibility that fabricating the revised design would 
provide similar or better results than the FEKO version. 
 
 
4.2 Radiation Pattern Results 
 
Following the design and testing procedures outlined in Section 3.4, radiation patterns in 
V- and H-polarisation have been generated. HPBWs and SLLs have been measured in the 
elevation and azimuth plane. The results obtained from the field test have been represented 
on Cartesian plots. 





4.2.1 UCT Sports Centre Radiation Pattern 
 
UCT Sports Centre has been selected due to the spacious area, and to avoid the windy 
weather in Cape Town. Figure 4-5 shows the radiation pattern results obtained from the 



















Figure 4-5: Radiation pattern results from UCT Sports Centre including both polarisations, both planes, 
and HPBW and SLL measurements. 
 
 
Without a standard gain antenna, the gain of the prototype has not been tested. The gain of 
the prototype has been calculated using (A-9) and (A-12) by inserting the measured elevation 
and azimuth HPBWs and assuming η = 0.5 [17]. Using the V-polarisation’s HPBWs, θel = 
9.81◦ and θel = 10.02◦ from Figure 4-5, the gain is calculated to be: 





















.81◦ × 10.02◦ 
≈ 23.22 dBi 
In Figure 4-5, the HPBW measurements from the four graphs are close to the required 
10◦. The SLLs for both elevation planes are below −18 dB, but are not acceptable for 
both azimuth planes (−11.62 dB and −5.52 dB for V- and H-polarisations respectively). In 
all four graphs, asymmetry, irregular high peaks, and main lobe distortion are present. It 
can therefore be assumed that the antenna is detecting multipath and interference. This 
led to the understanding that another iteration of the test should be carried out at a more 
appropriate location. The Menzies Building rooftop has been the next best available location. 









































4.2.2 Menzies Building Rooftop Radiation Pattern 
 
Figure 4-6 shows the radiation pattern results obtained from Menzies rooftop. The HPBW 
and SLL measurements is shown in the top left corner of each graph. 
Radiation Patterns obtained from Menzies Rooftop 
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Figure 4-6: Radiation pattern results from Menzies rooftop including both polarisations, both planes, and 
HPBW and SLL measurements. 
 
 
In Figure 4-6, the results show low SLLs in comparison to the measurements in the Sports 
Centre. This proves the assumption that the Sports Centre introduces unwanted interference. 
A pole has been present behind the prototype while recording in the V-polarised azimuth 
plane which resulted in a peak on the right side of the main lobe in the following plot. The 
pole has been removed to avoid interference for the other data.  Using the V-polarisation’s 




= 0 5 
 
HPBWs, θel = 9.14◦ and θaz = 10.37◦ from Figure 4-5, the gain was calculated to be: 
41253 
G . × 
9.14◦ × 10.37◦ 
= 217.83 
≈ 23.38 dBi 
The gain value is similar to the one obtained from the Sports Centre’s measurement. 
 
4.2.3 Modified FEKO Design Radiation Pattern 
 
The modified FEKO design of the antenna in Figure 4-7 shows the polar and Cartesian plots 
of the radiation pattern in V- and H-polarisations. The HPBW and SLL measurements is 
shown on the plots. 
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Figure 4-7: Modified FEKO design of the polar and Cartesian plots including both polarisations, both planes, 
and HPBW and SLL measurements. 
 
 
The azimuth HPBWs in both polarisations are θaz(V-pol) = 10.73◦ and θaz(H-pol) = 9.33◦, 
which are closely aligned to the NeXtRAD required azimuth HPBW of 10◦. The SLLs in the 
azimuth plane are −37.63 dB and −20.12 dB in V- and H-polarisations respectively. The 
gain has been predicted to be 23.97 dBi in FEKO. 































4.2.4 FEKO Revised Design Radiation Pattern 
 
The revised FEKO version of the antenna in Figure 4-8 shows the polar and Cartesian plots 
of the radiation pattern in V- and H-polarisations. The HPBW and SLL measurements is 
shown on the plots. 
FEKO Revised Conical Horn Radiation Patterns 
V-Polarisation H-Polarisation 





330 0 30 





























Radiation Pattern (Cartesian Plot) 
0 
Gain: 24.097 dBi 
 
SLL: 19.2717 dB 
HPBW: 9.1568 deg 
-10 
HPBW: 10.6582 deg 
 


























































































































































Radiation Pattern (Polar Plot)  
el-plane az-plane  
0  
330 0 30  
10.6531 deg 9.14795 deg  
-10  
-20  



















HPBW: 10.6531 deg 
 
-10 SLL: 19.2751 dB 
HPBW: 10.6582 deg  























Theta [deg]  
Figure 4-8: Revised FEKO design of the polar and Cartesian plots including both polarisations, both planes, 
and HPBW and SLL measurements. 
 
 
The revised and modified versions of the plots show that the measurements are similar. 
Additionally, the HPBWs and SLLs are also similar with reduced SLLs. The azimuth HPBWs 
in both polarisations are θaz(V-pol) = 10.66◦ and θaz(H-pol) = 9.15◦, which are closely aligned 





to the required azimuth HPBW of 10◦. The SLLs in the azimuth plane are −31.64 dB 
and −19.28 dB in V- and H-polarisations respectively. The gain has been predicted to be 




The results of this chapter have been summarised in Table 4-2 which includes V- and H- 
polarisations in the elevation and azimuth plane. 
Table 4-2: Radiation pattern results comparison between UCT Sports Centre, Menzies rooftop, modified 
and revised FEKO design. The measurements include HPBW, SLL, and gain. 
 V-Polarisation H-Polarisation  
HPBW SLL HPBW SLL Gain 
UCT 
Sports Centre 
El-plane 9.81◦ −18.97 dB 10.59◦ −22.46 dB 23.22 dBi 
Az-plane 10.02◦ −11.62 dB 9.55◦ −5.52 dB 
Menzies 
rooftop 
El-plane 9.15◦ −23.58 dB 9.94◦ −31.87 dB 23.37 dBi 
Az-plane 10.37◦ −35.95 dB 9.10◦ −23.97 dB 
FEKO 
Modified Design 
El-plane 9.34◦ −20.14 dB 10.73◦ −37.65 dB 23.97 dBi 
Az-plane 10.73◦ −37.63 dB 9.33◦ −20.12 dB 
FEKO 
Revised Design 
El-plane 9.16◦ −19.27 dB 10.65◦ −38.26 dB 24.11 dBi 
Az-plane 10.66◦ −38.26 dB 9.15◦ −19.28 dB 
 
 
All of the HPBW measurements are close to the required 10◦. The Sports Centre’s SLL values 
are not the actual sidelobes of the antenna, but a measurement of the interference. Radiated 
power has been reflected off small objects and obstructions inside the Sports Centre, despite 
the large spacious area. 
 
The rooftop location shows a large decrease in interference. This confirms that the rooftop 
has minimal multipath interference. The SLLs are below −20 dB for both polarisations in 
both planes. Analysing the azimuth HPBW of both polarisations, the antenna achieved 
azimuth HPBWs of θaz(V-pol) = 10.37◦ and θaz(H-pol) = 9.10◦. The gain of the prototype and 
FEKO design are similar, even when using the radiation efficiency assumption of 0.5. The 
antenna therefore has a high gain of 23.97 dBi. 
 
The best comparison is to compare outside measurements with anechoic chamber measure- 
ments. However, without anechoic chamber measurements, the only comparison that can be 
done is with simulation results. The simulation achieved azimuth HPBW of 10.73◦ and 9.33◦ 





when V- and H-polarised respectively. In comparison to the azimuth HPBW of the proto- 
type when V- and H-polarised respectively, there is approximately 0.23◦ to 0.36◦ difference, 
thus an accuracy of up to one decimal place. 
 
Comparing the graphs of the prototype and the modified FEKO antenna (Figure 4-6 and 
4-7 respectively), the radiation patterns are aligned well. Figure 4-9 shows the polar plot 
comparisons of V- and H-polarisations in the azimuth plane between Menzies rooftop, the 
FEKO modified and revised designs. 
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Figure 4-9: Polar plot comparisons of V- and H-polarisations in the azimuth plane between the prototype, 
modified and revised designs. 
 
 
In Figure 4-9, comparing the Menzies rooftop and modified FEKO polar plots, the V- 
polarised main lobes are fairly smooth with low sidelobes. However, for the H-polarised 
plots, the body of the main lobe is slightly distorted. Therefore, the modified FEKO simula- 
tion matches the radiation pattern of the prototype. Furthermore, the method of manually 
designing the probes and coaxial launchers in FEKO has been successful and is reliable for 
simulating antennas with a dual polarised waveguide. As discussed in the design procedure, 
due to the availability of limited resources a 28 mm diameter waveguide has been fabricated. 





The next higher-order TM01 mode has been excited, which, as a consequence caused a slight 
distortion in the main lobe. Even though operating at 300 MHz above the cutoff frequency 
of TM01 mode, the efficiency of the dual polarised antenna has not been compromised. The 
FEKO revised design only allowed the fundamental mode to propagate using a 24 mm di- 
ameter waveguide. The FEKO revised polar plot shows no distortions, while maintaining 
















The main objectives of this dissertation have been to design, simulate, and implement a dual 
polarised X-band antenna for the NeXtRAD project. The antenna specifications include 
operation in 8.5 GHz at X-band and produce an azimuth HPBW of 10◦ in both polarisations. 
The antenna will operate in outdoor conditions, therefore it must be portable and able to 
withstand strong winds. These objectives have been met and conclusions have been drawn 
based on the implementation and simulation results. 
 
Dual Polarisation 
The S-parameters measurement shows that the dual polarised antenna has reflection coef- 
ficients of −18.65 dB and −16.33 dB for Port 1 and Port 2 respectively. Furthermore, a 
transmission coefficient of −17.31 dB between the two ports has been measured. The reflec- 
tion coefficients are dependent on the quality of soldering between the probe and the SMA 
launcher, as well as the length of the probe and backshort. With the current configuration, 
the antenna performs efficiently when dual polarised. Achieving high isolation between the 
ports has not been a part of the NeXtRAD requirements, however placing the two ports 
orthogonally has achieved high isolation. From the results it can be concluded that the 







Conical Horn Antenna 
Originally, the conical horn FEKO simulation in Section 2.5.2 does not show any distortions 
due to the use of the ‘waveguide port’ function that only allows the fundamental mode 
to propagate. This configuration ignores any higher-order modes and it has later been 
discovered that simulating the coaxial launchers along with the probes provides results that 
correspond well with the experimental results. The 28 mm diameter waveguide introduces the 
next higher-order TM01 mode which creates a distortion in the radiation pattern. From the 
results of the revised FEKO design, the distortion has been avoided by choosing a 24 mm 
diameter waveguide. This results in a symmetrical radiation pattern without distortions 
while still meeting the required azimuth HPBW with below −20 dB SLL. Additionally, 
the simulation also showed improvements in the measurement of the S-parameters. Due to 
fabrication limitations, the 28 mm diameter water pipe has been the only feasible choice. 
The conical horns simulated in FEKO confirm that an X-band antenna is more sensitive to 
the diameter of the waveguide, whereas minor differences in the dimensions of the conical 
horn have negligible changes in the results. 
 
The antenna has been simulated successfully in FEKO and the results achieved are close 
to the antenna specifications. Subsequently, the first antenna prototype has been sent for 
fabrication.   In the absence of a standard gain antenna it was not possible to measure 
the experimental antenna gain. Nevertheless, according to the gain predicted from the 
simulations and the estimated gain equation, the antenna achieved a high gain with more 
than 23 dBi. 
 
Experimental errors may have occurred while capturing the data due to the manual rotation 
of the rotatable tripod on which the antenna was mounted. Overall, the prototype and the 
modified FEKO results correspond well in terms of the HPBWs and S-parameters. Realis- 
tically, achieving azimuth HPBW of 10◦ in both polarisations is not possible. However, the 
prototype achieved an azimuth HPBW of 10◦± 1◦ in both V- and H-polarisations. When V- 
and H-polarised respectively, the prototype achieved SLLs in the azimuth plane of −35.95 dB 
and −23.97 dB. 
In comparison to the conical horn antenna and the square horn antenna from the simulations, 
prototype and the past project, it is concluded that the conical horn produces low sidelobes, 
and achieves close to 10◦ HPBWs in both polarisations in both planes. The square horn has 
not achieved close to 10◦ HPBWs in both polarisations and has larger sidelobes compared 






circular waveguide is better suited for NeXtRAD. 
 
Fabrication Limitations 
Physical constraints in the fabrication process implied that the antenna could not be rolled 
into a smooth conical shape as desired. The presence of welding residue inside the antenna 
created bumps. The back wall of the waveguide also left some residue. Even though these 
bumps and residues affected the radiation pattern, it has been negligible. A comparison 
of the simulated and prototype radiation patterns confirmed that there is a low possibility 
that the performance of the antenna will be affected by the residue. The limitations in the 
fabrication process include the risk of human error, since part of the processes have been 
performed manually. However, this design is merely the first prototype and it performed 
well, especially the SLL and reflection coefficients. The material used for the antenna is 
aluminium, which makes it durable, fairly lightweight and able to withstand wind without 
shape distortion. As long as the antenna is mounted properly onto the tripod, it can operate 
effectively in the presence of wind. This conical horn antenna is the first of its kind which 
operates in the desired manner. 
 
The S-parameters of the dual polarised circular waveguide determines the efficiency of the 
antenna radiation, which includes: 
 
• Smoothness of the inner and back walls 
• SMA launchers 
• Identical lengths of the two probes 
• Straightness of the probes 
• Positioning of the launchers from the back wall 
• How orthogonal the two probes are inserted 
 
The probes are manually soldered on the SMA launchers, but are not screwed onto the 
waveguide. On the other hand, the antenna is able to achieve high reflection coefficients and 
isolation from the two ports despite the fabrication limitations. 






The rooftop test yields better results compared to the Sports Centre which in turn confirms 
that multipath interference can be detected even in a spacious enclosed area. The only 
enclosed area suitable for antenna testing is the anechoic chamber, because the reflections 
are suppressed by the strategically positioned absorbers. Even in the absence of an anechoic 
chamber, open area antenna testing (i.e., rooftop of Menzies Building) shows acceptable 
results with low interference. 
 
FEKO 
FEKO is a powerful EM simulation software that provides accuracy and precision, but 
software in general are based on algorithms that generate results which could have caused 
mismatch or the mismatch could be caused by the experimental errors. However, FEKO 
is a helpful tool for simulating dual polarised antennas as well as coaxial to waveguide 
transitions by simulating the launchers and probes manually. It allows the user to analyse 
the performance of a design and tune the dimensions to achieve better results. Without the 





It is recommended that the revised FEKO version of the circular waveguide and conical horn 
antenna be developed further to only allow the fundamental mode to propagate. Addition- 
ally, it is also recommended to simulate the coaxial launcher and the probe instead of using 
the waveguide port function that only allows one mode to propagate. It is recommended 
to procure standard gain antennas that can operate in X-band to perform antenna gain 
measurements instead of using equations and radiation efficiency estimations. 
 
The parabolic dish antenna is an alternative design which can be considered. Currently, 
off-the-shelf dish antennas will not provide the required HPBW, thus the dish needs to be 
customised. The advantages of dish antennas over horn antennas are that they decrease 
the overall size and provide more resistance to wind. The same dual polarised waveguide 
design can be used as the antenna’s feed. A revised version of the dish antenna is shown in 
Appendix F.3. 





Computer numerical control (CNC) units provide high precision machining which can be 
used to fabricate the waveguide. This can also ensure the holes for the SMA launchers are 
mutually orthogonal. Additionally, threads can be drilled into thicker waveguides for the 
SMA launchers to be screwed in, which eliminates nuts and bolts protruding in the inner 
surface of the waveguide. This also provides stability and flexibility when adjusting the 
probes if needed. Wires for the probes can be designed mechanically with the exact length 
eliminating manual errors. The two probes can be positioned orthogonal to each other and 
half a waveguide wavelength apart to improve isolation and avoid fringing fields between the 
probes. 
 
It is recommended to perform antenna testing in an anechoic chamber that provides accurate 
results and minimises multipath interferences. Inside an anechoic chamber the antennas 
are controlled automatically which performs all the rotations and records the data in the 
elevation and azimuth plane, and the 3D pattern. Without the availability of an anechoic 
chamber, to provide more accurate results it is recommended to use automated rotatable 
tripods. This provides better radiation pattern accuracy and avoids manual operation that 
introduces human error. Additionally, it is also recommended to conduct testing in a variety 
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This appendix provides the relevant theory that involves the study of antennas. The basic 
electromagnetic theory for antennas has been established including the radiation pattern 
and polarisation. Different field regions have been defined which shows the far field region 
provides the complete radiation pattern form. Important lobes from the radiation pattern 
such as the main lobe and sidelobes determine the efficiency of an antenna by measuring the 
HPBW and SLL. 
 
 
A.1 Introduction to Antennas 
 
Electrical or radio frequency (RF) signals are very crucial in communications to send and re- 
ceive information. Signals can be carried between locations in one of two methods: through 
transmission lines or through air using antennas. The transmitting antenna radiates the 
electrical signals that covers a large area or distance which is detectable to receiving anten- 
nas. RF transmission lines require a guiding structure (i.e., coaxial launchers, hollow tube 
waveguides) to guide the electrical signal to the antenna where the antenna converts the 
guided wave into a freespace EM wave for a transmitter or vice versa for a receiver. 
 
EM waves travel at the speed of light (c = 3 × 108 m/s) in a vacuum and travels at a similar 
speed in air. The EM spectrum has several operating frequencies (f◦) and wavelengths (λ◦) 





















Microwave frequencies generally operate between 0.3 GHz to 300 GHz, so its relative λ◦ is 
between 0.1 m to 1 mm respectively [24]. 
 
Antennas have reciprocity, meaning that an antenna has the same characteristics regardless 
if it is transmitting or receiving. The size of the antenna is dependent on the operating 
frequency. It must have an appreciable fraction of a wavelength at the operating frequency 
to operate efficiently. For example, if the dimension of the antenna is smaller than the 
fraction of a wavelength the signal will not radiate. The aperture of the antenna affects 
factors of the radiation pattern such as beam forming, reducing of HPBW, and gain [2]. 
 
 
A.2 Radiation Pattern 
 
A radiation pattern, antenna pattern or far-field pattern is a graphical representation of the 
radiation properties of the antenna either in the E- or H-field’s magnitude as a function of 
angular space. The structure of an antenna determines the shape of the radiation pattern, 
and is either a directional antenna or an omnidirectional antenna. 
 
A.2.1 Radiation Pattern Characteristics 
 
The properties of a radiation pattern can be seen in Figure A-1 which includes the radiation 
intensity, radiation pattern F (θ, φ), directivity D, and power densities (S and Si) of the 
isotropic and real antenna [2]. 







Figure A-1: Demonstration of the radiation pattern of the isotropic and real antenna [2]. 
 
 
It can be determined that the radiation pattern in Figure A-1 is of a directional antenna 
because the radiated power is in the main lobe. The isotropic pattern shows lower power 
that radiates in all directions. This implies that directional antennas have higher gain due to 
the power density in one direction. Not all power will be radiating in the intended direction. 
Power that radiates in different directions other than in the direction of the main lobe is 
known as the sidelobes and backlobe. 
 
The radiation pattern is measured in the far field region with respect to the function of 
directional coordinates, usually normalised with respect to their maximum value and plotted 
in the logarithmic scale in decibels. The reason for doing so is to emphasise parts of the 
pattern that have very low values such as the sidelobes [10]. Figure A-2 shows the comparison 
of the radiation pattern in linear and logarithmic scale. 















Linear Scale Logarithmic Scale 
 
Figure A-2: Normalised radiation pattern in linear and logarithmic scale [10] 
 
 
In Figure A-2, the main lobe as well as the angle for the HPBW are clear in both patterns. 
The sidelobes and backlobes are small in the linear scale, but they can be observed clearly 
in the logarithmic scale. Studies can be done to determine the efficiency of the antenna, the 
direction and density of maximum power radiation, and the SLL. 
 
A.2.2 Field Regions 
 
The space around the antenna is subdivided into three regions: reactive near field, radiating 
near field, and far field region as shown in Figure A-3. There are differences in the field 
structure between the three regions and various principles have been established to identify 
the regions [2][10]. Figure A-3 shows the three regions and their respective field distributions. 
The shape of the field changes from the reactive near field to the far field in both magnitude 
and phase. 










Figure A-3: Changes in the amplitude of the radiation pattern in different field regions [10]. 
 
 
The reactive near field region is the space instantly surrounding the antenna. The boundary 
of this region is at a distance d from the antenna: 
 
 




The far field or Fraunhofer region is the space where the angular field distribution is inde- 
pendent of the distance from the antenna. For an antenna that has an overall dimension D 








The term Fraunhofer region is often referred to when the antenna is focused at infinity where 
the field components are transverse and the angular distribution is independent of the radial 















A.2.3 Types of Radiation Patterns 
 













(a) Broadside (b) End-fire 
Figure A-4: Three dimensional polar plot of the broadside (a) and endfire (b) radiation pattern [10]. 
 
 
Figure A-4(a) displays the broadside radiation pattern where the power radiates away from 
the antenna and the main lobe is maximum in the direction normal to the plane containing 
the antenna. Figure A-4(b) is the endfire radiation pattern where the power is maximum in 
the same plane containing the antenna and its power is focused in one direction. 
 
A.2.4 Radiation Lobes 
 
A typical cross-sectional normalised polar plot of an endfire radiation pattern in the loga- 
rithmic scale is shown in Figure A-5. 



































Figure A-5: Polar plot of a endfire radiation pattern [2]. 
 
 
From Figure A-5, a radiation pattern consists of the following: 
• Main lobe - is a radiation lobe that contains most of the radiation in a direction 
(pointing in the 0◦ direction) 
• Sidelobes - are any small radiation lobes that are not intended to radiate 
(can be in any direction) 
• Backlobe - is a radiation lobe that is in the opposite direction to the main lobe 




The beamwidth measures the area over which the antenna transmits or receives the signal. 
It specifies the strongest direction of an antenna when the angular width is between the 
points where the gain is less than the peak of the main lobe by a specific value. Generally 
a high gain antenna has a smaller beamwidth that covers a small area at a long distance, 
whereas a low gain antenna has a large beamwidth that covers a large area but at a shorter 
distance [25]. There are a number of beamwidths associated in an antenna pattern. Two of 
the most commonly measured beamwidths as shown in Figure A-5 are [2]: 





• Half-power beamwidth (HPBW) - specifies the angular width of the radiation 
pattern at which the antenna is most sensitive, the angle between the half-power points 
(left and right) of the main lobe is measured −3 dB down from the peak radiated power 
and the power will be 50% of the radiated power 
• First null beamwidth (FNBW) - specifies the angular width of the main lobe 
measuring between the first nulls of the pattern 
 
Beamwidth can be measured in the vertical (or elevation) and horizontal (or azimuth) plane, 
associated with the term elevation HPBW (θel) and azimuth HPBW (θaz) respectively. The 
elevation plane is described as the plane perpendicular to the ground, whereas the azimuth 
plane is parallel to ground. 
 



















From (A-5) and (A-6), the width of the antenna affects the size of the HPBW. The larger 
the width, the narrower the HPBW. 
 
A.2.6 Sidelobe Level 
 
The concentration of the power in the main lobe can be determined by calculating the ratio 
of the pattern value of the first sidelobe peak to the pattern value of the main lobe peak. 
This is known as the sidelobe level (SLL) and is measured in decibels. Figure A-6 shows the 
radiation pattern and where the SLL is measured on a Cartesian plane. 



















Angle (radians) Nulls 
Figure A-6: Radiation pattern on a Cartesian plane displaying the SLL. 
 
 
For a given radiation pattern in decibels, the SLL can be obtained by measuring from the 
peak of the main lobe to the peak of the first sidelobe. Under normal circumstances, the 
power density in the sidelobes are much less than the main lobe, otherwise the antenna is 
said to be inefficient. There are techniques to suppress sidelobes, however it is beyond the 
scope of this dissertation. 
 
 
A.3 Directivity and Gain 
 
The important characteristics of an antenna is the concentration of energy in one direction 
relative to radiation in other directions. This is known as the antenna directivity and is equal 
to its gain if the antenna is 100% efficient. Gain can be expressed relative to an isotropic 
radiator. Antenna gain can be defined as directive gain and power gain. Directive gain is 




Directivity is defined as the ratio of the radiation intensity in a certain direction to the average 


































where ΩA is the half-power beam solid angle. Therefore, directivity is entirely determined 
by the pattern shape. Even though the equations expressed to compute directivity are 
approximations, it is still very convenient for design purposes. 
 
The directivity in (A-7) can be further simplified and Figure A-7 demonstrates how it can 



























Figure A-7: Radiation intensity pattern [10] 
 
 
Figure A-7 demonstrates a radiation intensity pattern pointing in the positive z-axis direc- 
tion. The beam solid angle ΩA is approximately equal to the product of the HPBW in 
two perpendicular planes, θel(rad) and θaz(rad) in radians, or θel(deg) and θaz(deg) in degrees. 





















where θel(rad) and θel(deg) is the HPBW in the elevation plane, and θaz(rad) and θaz(rad) is the 
HPBW in the azimuth plane. Equations (A-8) and (A-9) are based on a pattern that has 




Since the gain of the antenna is related to the directivity, it takes the efficiency of the antenna 
and its directional capabilities into account. The gain of an antenna in a given direction can 
be defined as the ratio of the radiation intensity (Um) to the total input power (Pin) accepted 
by the antenna that radiates isotropically [2]. This ratio is multiplied by 4π to quantify how 
efficient the antenna transforms available power into radiated power and directive properties. 
Thus, gain can be expressed as [10]: 
 




Gain and directivity will be equal if all the radiated power appears at the input, however, 
real antennas do not behave this way and some of the input power is lost on the antenna 
or absorbed by other structures. The definition of radiation efficiency η can therefore be 





where η is between 0 and 1. Therefore gain can be rewritten as: 
(A-11) 
 
G = ηDir (A-12) 
 
Thus, the gain of an antenna is equal to the product of directivity and radiation efficiency. 
Units for directivity and gain are both dimensionless. In practice, the terms gain and direc- 
tivity usually refer to the maximum gain and is given in terms of decibels. To convert gain 
Ω 






or directivity into decibels, the following equations can be used [2]: 
 
Dir(dB) = 10log(Dir) (A-13) 
 
and 
G(dB) = 10log(G) (A-14) 
 
 
A.4 Effective Aperture 
 
The maximum effective aperture is directly proportional to the directivity of an ideal dipole 
is expressed as [2]: 
Dir = 2 Aem (A-15) 
λ◦ 
where Aem is the maximum effective aperture of a lossless antenna. For antenna with losses, 
the received power is reduced by η. The effective aperture can be expressed as [2]: 
Ae = ηAem (A-16) 
 
Looking back at directivity in (A-15), multiplying both sides by η, the left side of the term 
becomes ηD which is equal to the gain shown in (A-12), therefore (A-15) becomes: 
4π 
ηDir = G = 2 ηAem (A-17) 
λ◦ 
 
Replacing ηAem with Ae from (A-16), the gain equation finally becomes: 
4π 













In this chapter, various aspects of the antenna is investigated. The basic transmission line 
theory establishes the different types of propagation modes and the existence of these modes 
in coaxial lines and waveguides. The waveguide theory provides the understanding of the 
boundary conditions within a waveguide, and detailed theory on superposition that creates 
a resultant wave with a period known as the waveguide wavelength. The rectangular and 




B.1 Transmission Lines 
 
There are several different types of transmission lines and they are used in different appli- 
cations, such as power transmission lines that operate in low frequencies (LF). In telecom- 
munications and radar systems, high-frequency (HF) transmission lines are used since they 
optimise the frequency bandwidth and minimize the signal attenuation. Waveguides may 
be considered as a means of channelling EM waves through space. All transmission lines 
act as channels for EM waves, but because waveguides are single-conductor elements, the 
way electrical energy travels through them is different to the way electrical energy travels 
through a two-conductor transmission line [13]. 
 
Several factors are considered when choosing transmission lines, including: 





• Operating frequency range and bandwidth 
• Attenuation 
• Power handling capability 
• Fabrication process 
 
No single transmission line can work for all applications. A cross-sectional view of different 
types of transmission lines can be seen in Figure B-1, and Table B-1 shows the advantages 


















Figure B-1: Cross-sectional view of different types of transmission lines [13]. 
 
Table B-1: Advantages and disadvantages of different transmission lines [13]. 
Type Advantages Disadvantages 
Two-wire High power, cheap LF range, lossy 
Coaxial line Wide bandwidth, small size Low power, high attenuation 
Hollow waveguide High power, low attenuation Limited bandwidth, large size 
Microstrip line Wide bandwidth, easily fabricated Low power, high attenuation 
 
 
Power transmission lines operating at LF use simple wires to connect two points, but starts 
to radiate energy as frequency increases. For microwave transmission lines, coaxial lines or 
coaxial cables consist of a wire inside a outer cylindrical conductor that acts as a shield to 
minimise radiation losses as shown in Figure B-1b). Coaxial cables have a wide bandwidth, 
a)   Two-wire 
line 
b)   Coaxial 
line 






e)   Ridged waveguide f) Optical 
waveguide 
g)   Stripline h)   Microstrip line 





but suffer from high attenuation and cannot handle high power. However, hollow waveguides 
such as rectangular, circular, and ridged waveguides have low attenuation and can handle 
high power, but have small bandwidth [13]. Hollow waveguide structures are conductive 
hollow tubes that are suitable for transmitting microwave signals at frequencies between 
0.3 GHz and 30 GHz. Coaxial lines and hollow waveguides are important in antenna design, 
thus will be expanded upon in Appendix B.3 and B.4. 
 
 
B.2 Propagation Modes 
 
Transmission lines can be classified according to the polarisation properties of the EM waves. 
If the EM wave is propagating in the z-direction, then the modes can be characterized into 
[26]: 
 
• Transverse Electromagnetic (TEM) mode — both E- and H-fields are transverse to the 
direction of propagation (Ez = 0, Hz = 0) 
• Transverse Electric (TE) mode — only the E-field is transverse to the direction of 
propagation (Ez = 0, Hz /= 0) 
• Transverse Magnetic (TM) mode — only the H-field is transverse to the direction of 
propagation (Ez /= 0, Hz = 0) 
• Hybrid mode — contains all six components (Ex, Ey, Ez, Hx, Hy, and Hz /= 0) 
 
Figure B-2 shows the different types of transmission lines and their respective propagation 
modes. 



























In Figure B-2, TEM mode is the fundamental or dominant mode in coaxial lines and parallel 
plates where two conductors exist. The TE and TM modes are found in hollow waveguides 
that have a single conductor. Hybrid modes are known to contain all six components of 




B.3 Coaxial line 
 
TEM mode only exists where there are two conductors such as the coaxial line. Figure B-3 
displays the E- and H-field inside the coaxial line. 




MMIC Coaxial Line 
Conventional 













Figure B-3: Cross-sectional view of the coaxial line where both E- and H-field are perpendicular to the 
direction of propagation [27]. 
 
 
Both the E-field (represented as Ey) and H-field (represented as Hx) are perpendicular to 
each other, as well as to the direction of propagation. As discussed earlier, TEM mode 
is the fundamental mode in coaxial lines and parallel plates, however, it does not exist in 
hollow waveguides due to the single conductor. The TEM mode is dominant where the 
cross-sectional dimensions of the transmission line are small compared to the wavelength of 
the signal [28]. 
 
 
B.4 Hollow Waveguides 
 
Hollow waveguides are commonly used to transmit microwave signals. Waveguides do not 
have a centre conductor and cannot support TEM mode. However, waves propagate by 
reflecting off the inner conducting walls, thus TE and TM modes can only exist in a single 
enclosed conductor such as hollow waveguides. 
𝐸⃑  𝑦 Inner and outer 
conductors 









B.4.1 Boundary Conditions within a Waveguide 
 
EM waves travel differently inside a waveguide than in freespace. The difference is due to 
a waveguide’s physical size limitations. For EM waves to travel down a waveguide, two 
boundary conditions must be satisfied [29]: 
 
1. The E-field can only exist when it is perpendicular to the surface of the conductor. 
Any E-field parallel to the conductor will dissipate. 
2. The H-field can only exist where it can form closed loops in parallel with the conductors. 
 
Both fields will exist at the same time in a waveguide. Under normal circumstances, if one of 
the conditions is met, the other condition will be satisfied because the two fields are always 
perpendicular to each other. 
 
B.4.2 Wavefronts within a Waveguide 
 
A quarter freespace wavelength probe acts as a quarter-wave monopole antenna that supplies 
a signal to the waveguide. From the top view, the wavefronts radiate through the waveguide 











Figure B-4: Top view of the wavefront propagating through the waveguide [29]. 
 
 
If the wavefront propagating down a waveguide is divided into portions A, B, and C, any 
wave in the direction of C will attenuate rapidly because it does not satisfy either of the 





boundary conditions. Comparatively, wavefronts A and B will reflect off the conducting 
walls, forming reverse-phase wavefronts, and propagate down the centre of the waveguide in 
a zigzag pattern [29]. 
 
As wavefronts A and B propagate through the waveguide and reflect off the conducting walls, 
the travelling waves constructively interfere with each other creating an interference pattern 
as shown in Figure B-5, where the fields are superimposed. 
 




These points of constructive and destructive interference result in a field propagation travel- 
ling straight down the centre of the waveguide. This superposition determines the resultant 
wave propagation which has a larger amplitude and longer wavelength (known as the waveg- 
uide wavelength λg) than the original wavefront freespace wavelength λ◦ [14]. 







( ) 1 
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B.4.3 Rectangular Waveguide 
 
Figure B-6 shows the TE and TM modes propagating through a rectangular waveguide. 
 
Figure B-6: Rectangular waveguide in TE- and TM-modes [28]. 
 
 
When an EM wave propagates through a rectangular waveguide, only the E- or H-field 
will be transverse to the wave’s direction of travel. The one field is perpendicular to the 
other field, but it will ‘loop’ longitudinally to the direction of travel. The field that remains 
perpendicular to the direction of travel determines the mode in which the wave propagates: 
TE mode or TM mode [28]. 
 
Due to the principle of superposition as discussed in Appendix B.4.2, the longer period is 
known as the waveguide wavelength and can be calculated using the following equation [14]: 
 
λ =








From (B-1), the denominator ‘2a’ represents the cutoff wavelength where ‘a’ represents the 
largest width of the waveguide: 
λc = 2a (B-2) 
Thus, (B-1) is rewritten as: 
λ =





The following conditions are noted: 
r














• if λ◦ < λc, λg is real and positive 
• if λ◦ = λc, λg is infinite and λ◦ will equal to the cutoff wavelength (λc) 
• if λ◦ > λc, λg is imaginary due to a negative value in the square root 
 
Therefore, from the conditions above, EM waves will propagate through the waveguide when 








Equation (B-3) can then be rewritten in terms of f◦ and fc: 
 
 











Equations (B-3) and (B-5) show that the boundary conditions exist. As the operating 
frequency approaches the cutoff frequency, the waveguide wavelength becomes longer and 
eventually attenuates rapidly. Thus, it is not recommended to operate at frequencies close 
to the cutoff frequency. 
 
B.4.4 Circular Waveguide 
 
Circular waveguides are used as an alternative to rectangular waveguides. A circular waveg- 
uide has more benefits than a rectangular waveguide because it has less attenuation from the 
wall losses due to the circular shape. It also allows linear polarisation, circular polarisation, 
and polarimetry. Thus, circular waveguides are preferable over rectangular waveguides. Cir- 
cular waveguides support TE and TM modes, but have cutoff frequencies that will attenuate 
the signal and possibly introduce other modes [13]. The fundamental mode is TE11 mode. 
 
The cutoff frequency fc is calculated by designing the circular waveguide with an inner 
diameter (lg) that is large enough to support the fundamental mode across the desired 
c 










frequency, and avoid higher-order modes. From Appendix C, with a given diameter of the 
circular waveguide, the cutoff wavelength for the fundamental TE11 mode is: 
λc(TE11) = 1.706 × lg (B-6) 
for the next higher-order TM01 mode is: 
 
λc(TM01) = 1.306 × lg (B-7) 
and for the second higher-order TE21 mode is: 
 
λc(TE21) = 1.029 × lg (B-8) 
With the calculated λc, the cutoff frequency is found using (B-4). Operating at frequencies 
below the cutoff frequency will not propagate any signals through the circular waveguide. 
The equation to find λg that propagates inside a circular waveguide is given as: 
 
λ =


















The calculation for λg in (B-3) and (B-10) are the same for rectangular and circular waveg- 














The propagation modes are dependant on the method of launching the EM waves. The two 
modes that exist in a waveguide are the TE and TM modes. Figure C-1 displays the top 
view of positioning a probe to launch TE or TM mode within a waveguide. Only the H-field 
will be observed. 
 
Figure C-1: Launching methods for TE and TM modes within a waveguide. The method of launching 





In Figure C-1a), TE modes are launched by placing the probe in parallel to the back wall 
with some distance apart (backshort length). The H-field loops around the probe and this 
creates vectors perpendicular and parallel to the direction of propagation. In Figure C-1b), 
for launching TM mode, the probe is placed perpendicular to the back wall. The H-field 
also loops around the probe, however the vectors are always perpendicular to the direction 
of propagation, hence the term ‘transverse magnetic field’. 
 
The existence of other higher-order TE or TM modes depends on whether the TE or TM 
mode is launched, and whether the mode’s cutoff frequency is exceeded. When launching 
the fundamental TE11 mode, the next higher-order mode, TM01 mode, has a low possibility 
of propagating due to the launching method. Only the other higher-order TE modes will 
exist when the operating frequency is above these mode’s cutoff frequencies [12]. Figure C-2 
shows the cross-sections of the first three modes in a circular waveguide. 
 
Figure C-2: The cross-sections of TE11, TM01, and TE21 modes in a circular waveguide. 
 
 






where lg is the diameter of the waveguide, Xmn is the factor of the propagation mode and is 
found in [12]. 
 




   lgπ  
1.8412 





The next higher-order mode is TM01 mode with X01 = 2.4049, and its cutoff wavelength is: 
 
λc(TM01) = 1.306 × lg (C-3) 
The second higher-order mode is TE21 mode with X21 = 3.0542, and its cutoff wavelength 
is: 
 
λc(TE21) = 1.029 × lg (C-4) 
Thus, operating above any of the cutoff frequencies and the launching method will excite 












Square Horn Antenna Past Project 
 
In partnership with Luqmaan Rawoot1, the X-band horn antenna has been designed and 
completed in 2014. However, the length of the antenna is long. f◦ is equal to 8.5 GHz, and 
λ◦ is 35.29 mm. The length l of the horn has been calculated to be 1.25 m long. For a 






where D is the aperture width. Substituting the required HPBW of θ = 10◦ into (D-1) and 





60 × (35.29 mm) 
10◦ 









1Luqmaan Rawoot submitted his undergraduate thesis on the design and implementation of dual polarised 
X-band antenna. Luqmaan Rawoot focused on the hardware design, and I focused on the simulations, 
whereas the calculations were done individually and compared. Experimental testing and data capturing 






Thus, the aperture length of the antenna is found to be 21 cm in both width and length for 
dual polarisation. A summary of the dimensions is shown in Table D-1. 
Table D-1: Dimensions and lengths of the square horn antenna 
Dimensions Length (mm) 
λ◦ 











To ensure that the dimensions calculated earlier will achieve the required specifications, 
the design was simulated in FEKO. Figure D-1 displays the radiation pattern of the horn 
antenna. With some tuning, the length of the antenna has been reduced to 86.4 cm and still 
produce similar results. 
 





D.2 Hardware Design 
D.2. HARDWARE DESIGN 
 
 
Aluminium plates has been cut into the required size and welded at UCT’s Mechanical 
Workshop. Aluminium is a fairly good conductor, making it suitable for waves to propagate. 
It is also lightweight and reasonably priced in comparison with other viable materials. An 
aluminium thickness of 2 mm (754-H111) has been chosen for fabrication so that it maintains 
its shape during welding and its prolonged exposure to heat extremes. Figure D-2 is a photo 
of the horn antenna and the configuration on the rooftop for testing. 
 
Figure D-2: Horn antenna configuration on the rooftop of Menzies Building. 
 
 
For the testing procedure: 
 
• The transmitting antenna will be V-polarised and stationary with a transmission power 
of 13.3 dBm. 
• The receiving antenna will also be V-polarised and measurements will be recorded for 
a range of 30◦ on each side. 









After collecting all the measurements, the data in the azimuth plane can be analysed in 
Excel to plot the far field radiation pattern. The results of the rooftop measurements and 













Table D-2 can be drawn from the results obtained in FEKO and the field testing. 
Table D-2: Summary and comparison of the square horn results in FEKO and the fabricated antenna. 
 V-Polarisation H-Polarisation 
θaz SLL θaz SLL 
FEKO 8.62◦ −12.04 dB 11.64◦ −30.25 dB 
Fabricated Antenna 8.5◦ −9.8 dB 11.4◦ −27 dB 
 
 
For V-polarisation, the rooftop testing shows an azimuth HPBW of 8.5◦, whereas the FEKO 
testing shows 8.62◦. For H-polarisation, the rooftop testing shows an azimuth HPBW of 
11.4◦, whereas the FEKO testing shows 11.64◦. 
 
Although the testing that has been executed is not 100% perfect, the results and simula- 
tions are aligned well with adequate performance. The azimuth HPBW results are approx- 
imately 10◦ and does achieve the NeXtRAD project requirements. However, the SLL in 












Conical Horn Simulation 
 





58.4 × 35.29 mm 
10◦ 
= 206.09 mm 
 
Using the same methods and equations in Section 2.4.3, the length of the horn is found 
where: 
lh = 335.04 mm 
The conical horn antenna is then designed in FEKO to observe the performance. 
 
 
E.1 FEKO Results 
 





























The summary in Table E-1 can be drawn from the results obtained in FEKO. 
Table E-1: Summary of the conical horn results in FEKO. 
V-Polarisation H-Polarisation 
θaz SLL θaz SLL 
11.23◦ −18.72 dB 12.93◦ −28.38 dB 
 
 
The conical horn antenna is smaller than the values found in Section 2.4.3 and has low 
SLLs. However, the azimuth HPBW error for V- and H-polarisation are +1.23◦ and +2.93◦ 













Parabolic Dish Antenna 
 
F.1 Portable Caravan Dish 
 
The commercial portable caravan dish antenna has been around for the past few years and 
manufactured by Ellies. Fig. F-1 shows the dish antenna or reflector antenna operates using 
a waveguide feed and a parabolic reflector. The waveguide radiates an EM wave towards 
the reflector, is reflected by the reflector, and radiates outwards into space. Thus, the feed 





























Figure F-1: Parabolic dish antenna. 
 
 
The specifications of the caravan dish antenna are [31]: 
 
• Diameter of dish: 35 cm × 37 cm 
• Focus length (F ):  21 cm 
• Ku-band gain at 12.5 GHz: 32.08 dBi 
• Aperture efficiency: 75% 
• F/D ratio: 0.6 
 
The waveguide operating at 12.5 GHz has been replaced with a circular waveguide with 
a centre frequency of 8.5 GHz circular waveguide. The waveguide has been designed in 
Section 2.3.5 with a diameter of 24 mm, and the rest of the dimensions are kept the same. 
The reflector and the circular waveguide have been simulated in FEKO and the performance 
is analysed. Only the V-polarisation has been simulated due to the symmetry. 





F.2 FEKO Caravan Dish Antenna Results 
 
Figure F-2 and Figure F-3 display the 3D radiation pattern, azimuth HPBW, and SLL for 
V-polarisation. The caravan dish has a oval shape and not a circular dish. FEKO does not 




Figure F-2: 3D radiation pattern in FEKO for the dish antenna operating at 8.5 GHz 















The caravan dish antenna achieved 5.68◦ with SLL in the azimuth plane of −18.07 dB. From 
FEKO, the gain of the caravan dish antenna has been predicted to be 26.89 dBi. 





F.3 Revised FEKO Dish Antenna Results 
 





60 × 35.29 mm 
10◦ 
= 211.62 mm 
 
Using the same F/D ratio of 0.6 the distance of the focus length F is 126.97 mm. Using the 
same waveguide of diameter 24 mm with centre frequency of 8.5 GHz, the FEKO simulations 
in Figure F-4 shows the polar and Cartesian plots when V-polarised. 














The revised dish antenna achieved an azimuth HPBW of 9.64◦ with SLL in the azimuth 
plane of −16.39 dB. From FEKO, the gain of the revised dish antenna has been predicted 









A summary in Table F-1 can be drawn from the caravan dish antenna and the revised dish 
antenna results obtained in FEKO. 
Table F-1: Summary of the caravan dish and revised dish results in FEKO. 
 V-Polarisation  
 Plane HPBW SLL Gain 
Caravan 
Dish Antenna 
Elevation 5.82◦ −17.01 dB 26.89 dBi 
Azimuth 5.68◦ −18.07 dB 
Revised 
Dish Antenna 
Elevation 9.83◦ −15.89 dB 22.16 dBi 
Azimuth 9.64◦ −16.39 dB 
 
 
From the caravan dish antenna simulated results, it can be observed that changing the 
waveguide to operate at 8.5 GHz will still illuminate its power on the dish without leakage. 
However, one important point is that the azimuth HPBW is too narrow compared to the 
required 10◦ due to the oversized parabolic reflector. Since FEKO does not have the function 
to create oval-shaped dishes, the simulated results have not been accurate. Therefore, this 
design does not meet the NeXtRAD project azimuth HPBW requirement. In order to widen 
the HPBW, the parabolic reflector will have to be adjusted. 
 
The revised dish antenna uses the uniform distribution equation to find the correct diameter 
to achieve a HPBW of 10◦. Furthermore, the HPBWs and SLLs in both planes are very 
similar, as well as the shape of the radiation patterns. Thus, a parabolic dish antenna shows 
more symmetry between the planes. This design reduces the overall size but simultaneously 
worsens the SLLs by approximately 2 dBs. Analysing Table F-1, the revised version of the 
dish has higher SLL in both planes, and lower gain compared to the caravan dish. However, 
the SLL and gain are in an acceptable range, and the results showed that the antenna 
achieved slightly below 10◦ in both planes when V-polarised. With the circular waveguide, 
dual polarisation is supported. The simulation shows that the dish antenna can achieve 
the antenna specifications, but requires the whole dish to be rebuilt. Fabricating the dish 





















G.1 AutoCAD for Conical Horn 
 




Figure G-1: Flat version of the conical horn for manufacture. 








Using the dimensions calculated for the conical horn from Section 2.4.3: lh = 511.14 mm, 
la = 65.33 mm, let ra = lg/2 = 14 mm, and let Ra = D/2 = 123.53 mm. To calculate the 
radii of Rb (outer radius) and rb (inner radius) of the disc, right angle triangles are shown 




la2 + ra 
= 66.82 mm 
 










= 589.56 mm 
 







Using the calculated dimensions, the portion of the disc can be designed in AutoCAD and 
sent for fabrication. Figure G-2 shows the AutoCAD drawing of the disc portion. 
a 









Figure G-2: AutoCAD drawing of the unrolled conical horn disc. 
 
 
G.2 Other AutoCAD Drawings 
 
Figure G-3 shows the AutoCAD flange design for the opening of the horn and the circular 
waveguide. Due to the slanted structure of the conical horn, it is difficult to mount the 
horn on any tripod or stand. So a bracket was designed for an easier tripod mount and the 
AutoCAD drawing of the bracket is shown in Figure G-4. 























Figure G-4: AutoCAD drawing of the bracket design. 





A 3D version in Figure G-5 shows the entire design in AutoCAD, providing an alternative 



















Revised Conical Horn Antenna 
Calculations 
 
H.1 Waveguide Calculations 
 
The same methods and equations in Section 2.3 have been followed in designing the circular 
waveguide with diameter lg = 24 mm. The cutoff wavelengths for the fundamental and next 
higher-order TM01 mode have been found to be: 
λc(TE11) = 1.706 × lg 
= 1.706 × 24 mm 
= 40.94 mm 
 
and  
λc(TM01) = 1.306 × lg 
= 1.306 × 24 mm 
= 31.35 mm 





































3 108 m/s 
0.03657 m 
= 9.57 GHz 
 
An operating frequency of 8.5 GHz is above the fundamental mode’s cutoff frequency and 
below the next higher-order mode’s cutoff frequency. The diameter of lg = 24 mm only 
allows the fundamental mode to propagate and avoids the all other higher-order modes. 
 
The centre frequency f◦ is 8.5 GHz, and λ◦ is 35.29 mm. The waveguide wavelength is: 
 
λ =
















= 69.62 mm 
 






= 8.82 mm 
= 
g 















= 17.40 mm 
 
 
H.2 Conical Horn Calculations 
 
The same methods and equations in Section 2.4.3 have been followed in designing the conical 
horn. The diameter of the aperture is: 
D = 
70 × λ◦ 
θ 
= 
70 × 35.29 mm 
10◦ 
= 247.06 mm 
 
The total length of the cone from the apex to the centre aperture of the horn is: 
2 





3 × 35.29 mm 
= 576.47 mm 
 










= 576.47 mm 
(
1 −
   24 mm 
)
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